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ABSTRACT 
ABUSHAHLA, HAMED, K., Masters : June : 2018, Material Science and Technology 
Title: New sulfur-doped carbon fiber – supported alloys for electrocatalytic reduction of oxygen 
for PEM fuel cells applications 
Supervisor of Thesis: Dr. Ahmed Elzatahry. 
The daily increase in the world needs for new sources of energy, the population and 
economy growth, and the industrial expansions made the demand for new sources of 
energy a critical request within different societies. Among clean energy sources comes 
the polymer electrolyte membrane fuel cell (PEMFC), which is used to produce 
electricity through simple electrochemical reaction process. However, the expensive price 
of the platinum (Pt) catalyst as one of the main components of fuel cell and considered 
the most important part responsible for the oxygen reduction reaction (ORR) within the 
cell, is the main barrier to the commercialization of fuel cells. This thesis deals with the 
development of novel inexpensive efficient catalysts based on Tri nanostructure metal 
alloys supported on sulfur doped carbon fibers, which is expected to have high surface 
area and good conducting properties, the fact that support the electrochemical reaction 
process within the cell. The synthesized materials was characterized by scanning electron 
microscope (SEM), Energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD), and FTIR in addition to electrochemical 
characterization for the catalyst responsible for the ORR. Electrospinning technique was 
used to produce the sulfur-doped carbon nanofiber, while electrochemical deposition 
technique was used to load the different metals. The produced sulfur-doped CNF 
exhibited excellent performance towards ORR in PEM fuel cells via 4-electrons pathway. 
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Abbreviation 
 
AFC   - Alkaline fuel cell 
CB   - Carbon black 
CE   - Counter electrode 
CNF   - Carbon nanofibers 
CNT   - Carbon nanotubes 
CV   - Cyclic voltammetry  
DMF   - N,N-dimethylformamide 
DMFC   - Direct methanol fuel cell 
EDX   - Energy-dispersive X-ray spectroscopy 
EIS   - Electrochemical impedance spectroscopy 
F   - Faraday’s constant 
FGIC   - Fluorinated graphite intercalation compounds 
GCE   - Glassy carbon electrode 
GO   - Graphene oxide 
HER   - Hydrogen evaluation reaction 
HOR   - Hydrogen oxidation reaction 
LSV   - Linear sweep voltammetry 
MCFC   - Molten carbonate fuel cell 
MWCNTs  - Multi-wall carbon nanotubes 
OCP   - Open circuit potential 
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ORR   - Oxygen reduction reaction 
PAFC   - Phosphoric acid fuel cell 
PAN   - Polyacrylonitrile 
PANI   - Polyaniline 
pBDT   - p-Benzanedithiol 
PEMFC  - Polymer electrolyte membrane fuel cell 
PEO   - Polyethylene oxide 
PMMA  - Poly(methylmethacrylate) 
PS   - Polystyrene 
PSF   - Polysulfone 
PtNW   - Platinum nanowires 
PTP   - Polythiophene 
RDE   - Rotating disk electrode 
RE   - Reference electrode 
RHE   - Reversible hydrogen electrode 
RGO   - Reduced graphene oxide 
SEM   - Scanning electron microscopy 
SG   - Sulfur graphene 
SOFC   - Solid oxide fuel cell 
TGA   - Thermogravimetric analysis 
WE   - Working electrode 
XPS   - X-ray photoelectron spectroscopy 
XRD   - X-ray diffraction 
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1. Chapter 1: Introduction and literature review 
During last decade scientists kept themselves busy searching for new sources of energy in 
specific clean energy for example solar cells, fuel cells and wind power. The renewable 
energy or green energy comes with a solution to the drawbacks caused by conventional or 
fossil fuel such as pollution and greenhouse effect. Among these clean energy sources 
comes the polymer electrolyte membrane (PEM) fuel cell, which is used to produce 
electricity through simple electrochemical reaction process. The reaction which takes 
place at surface of electrode is mainly consisted from platinum material. High interest has 
been given to PEM fuel cells as an alternative source of energy in many applications 
especially for portable electronic products and recently in automotive industries. 
However, different barriers need to be overcome the lack of commercialization of fuel 
cells. Among these barriers is the high cost of Pt catalyst, which is one of the main 
components of fuel cells and considered the most important part responsible for oxygen 
reduction reaction (ORR) within the cell. There have been several attempts to decrease 
the amount of Pt used in fuel cells with the possibility of replacement with cheaper 
materials or through a modification process to reduce the amount of platinum used. 
Recently, high interest has been given to nanotechnology and its ability to reform 
ordinary materials in new structures based on atomic scale. Decreasing the diameter of 
polymeric fibers from micrometers (e.g. 10–100 μm) to sub-microns or nanometers (e.g. 
0.01–0.1 μm) leads to the formation of some incredible properties such as an unusual 
surface area to volume ratio (approximately 103 times of that of a microfiber). These 
materials show completely different properties and will acquire beneficial properties for 
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example high activity, high optical properties and mechanical properties, which are 
different from how they behave on a macroscale [1]. One of the advantages of 
nanotechnology is that it aids in producing material that can be more cost-effective than 
its traditional counterparts. With the increase in the world’s population, the demand for 
energy increases, this daily growth demand will cause a rapid decrease of the traditional 
fossil fuel (oil, gas and coal) reserves. The British Petroleum Statistical Review of World 
of Energy 2017 reported that global primary energy consumption increased by 2.9 % 
between 2014-2016, and thus, would be enough to supply 50.6 years of worldwide 
production at 2016 levels [2]. Furthermore, the releases of CO2 from energy consumption 
increased by 0.1% in 2016 [2]. On the direction of finding new alternative energy sources 
other than fossil fuels, any approach that can produce clean energy with high efficiency, 
minimum pollution output and simple operation and lower the overall cost would be very 
advantageous. Such processes can be achieved and improved by using nanomaterials 
designed through nanotechnology [1].  
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1.1 Fuel Cell 
1.1.1 History of the Fuel Cell 
The concept of the fuel cell was discovered in 1839 by Christian Friedrich Schönbein 
during his research on the electrolysis of dilute sulfuric acid and other matters [3]. Later, 
Sir William Grove, set-up the first practical fuel cell referred to as “a gaseous voltaic 
battery”[3], as he used two platinum strips as electrodes and diluted sulfuric acid as the 
electrolyte, encompassed by tubes of hydrogen and oxygen (Figure 1.1) [3]. 
 
 
 
Figure  1.1. The first practical fuel cell by Sir William Grove[3]. 
 
 
In 1937, Francis T. Bacon presented his patent of a working 6 kW fuel cell [4]. This 
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patent was used later by Pratt and Whitney from the Apollo space program in 1960s to 
build and use a fuel cell to generate electricity, and as a matter of fact is still used in the 
U.S. space programs to this day [4]. In 1989, Perry Energy Systems and Ballard Power 
Systems, established a PEM fuel cell, and later in 1993 Energy Partners demonstrated the 
first green car using a PEM fuel cell (Figure 1.2), which then opened the door for all car 
manufacturer to develop their own fuel cell-powered vehicle [4]. 
 
 
 
Figure  1.2. The first PEMFC powered passenger green car by Energy Partners, 1993 [4]. 
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1.1.2 Principle of Fuel Cell 
The fuel cell is simply a device able to generate electricity through a simple 
electrochemical process. The reaction process uses input materials such as hydrogen and 
oxygen to generate electricity with byproducts of only water and heat with no moving 
parts or burning within the fuel cell [5]. The fuel cell system composes of two electrodes 
of platinum as catalysts, separated by an electrolyte [6].  
The first electrode is the anode where the fuel decomposes into ions and electrons in an 
oxidation process: 
 
H2   →  2H+ + 2e-  Equation 1 
 
The ionic species traveling from the anode towards cathode across the electrolyte 
membrane or inversely, based on the type of the fuel cell and the electrons, moving 
toward the cathode via an external circuit where a reduction process of oxygen occurs 
producing water as product [3]–[5]:  
 
½ O2 + 2H+ + 2e-  →  H2O   Equation 2 
 
Figure 1.3 shows the typical PEM fuel cell: 
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Figure  1.3. A typical PEM fuel cell [5]. 
 
 
1.1.3 Advantages and disadvantages of fuel cell: 
Fuel cells have many advantages [5]–[7] as an electrochemical energy conversion device 
including: 
• Unlike batteries, fuel cells can keep generating electricity as long as there is a 
steady source of fuel and oxidants to the system.  
• The process is a very clean operation and environment friendly, as the input is 
only hydrogen and oxygen and the byproducts are water and heat with no CO2 emission 
or other pollutants.   
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• Fuel cells have shown high efficiency even more than the combustion engines, for 
example the high temperature fuel cells have efficiency in the range of 32-47% and 25-
60% in low temperature fuel cells. 
• No moving parts within the fuel cells, this makes it a quiet system. 
• Many applications use fuel cell including automotive transportation and portable 
electronic products. 
• Fuel cell can operate independently in remote locations. 
Although fuel cells have many advantages, they also have some disadvantages, the 
manufacturing cost due to the price of component materials within the fuel cell especially 
the use of platinum catalysts in the anode and cathode [8]. In fact due to intensive efforts 
by scientist to find low cost materials and to improve the manufacturing process, some 
applications using fuel cell are already in the market [3], [4], [9].  
 
1.1.4 Types of fuel cells 
There are numerous types of fuel cells such as proton exchange fuel cell (or polymer 
electrolyte membrane fuel cell) (PEMFC), direct methanol fuel cell (DMFC), molten 
carbonate fuel cell (MCFC), alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC), 
and solid oxide fuel cell (SOFC) [5]. All types follow the same concept of the 
electrochemical principles, but characterized by the electrolyte and materials used in the 
fuel cell and/or by the operating temperature [4]–[7], [10]. Figure 1.4 summarizes the 
most used fuel cells with their reactions and operation temperature. 
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Figure  1.4. Main types of fuel cells with their reactions and operation temperature [4]. 
 
 
1.1.4.1 Alkaline fuel cells (AFC) [4], [6], [7], [10], [11]:  
Developed and used in 1960s for Apollo space programs, the used electrolyte was 
concentrated potassium hydroxide (KOH ~ 85 wt.%) when operated at high temperature 
(250 ᴼC), but a diluted KOH (35-50 wt.%) at the low operating temperature (<120 ᴼC). 
However, the fuel cell is mostly operated at low operation temperatures. It is a relatively 
low cost fuel cell as it can operate with non-platinum catalysts electrodes such as nickel. 
The reactions as follows: 
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Oxidation reaction at the anode:  
2H2 + 4OH- → 4H2O + 4e-   Equation 3 
Reduction reaction at the cathode: 
O2 + 4e- + 2H2O → 4OH-   Equation 4 
 
Very pure gases should always be used within the fuel cell to avoid electrolyte poisoning 
by CO2 from the fuel or oxidant. 
 
1.1.4.2 Phosphoric acid fuel cells (PAFC) [4], [6], [7], [10], [12]: 
This type of fuel cell is widely commercialized. In this type, the electrolyte is 
concentrated phosphoric acid (H3PO4) (100%) and the electrodes are platinum supported 
on carbon black, which is used to reduce the platinum loading. PAFC can produce an 
output of up to 1MW. The operating temperature for this PAFC is about 200 ᴼC. The 
anode and cathode reactions are as the following: 
 
At the anode: 
H2 →2H+ + 2e-   Equation 5 
At the cathode: 
½ O2 + 2H+ + 2e- →H2O  Equation 6 
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1.1.4.3 Molten carbonate fuel cell (MCFC) [4], [6], [7], [10], [13]: 
The Molten carbonate fuel cell is a high temperature fuel cell, where it operates between 
600 and 700 ᴼC. This type does not require noble metal catalysts, it uses nickel as 
catalyst, which makes it an inexpensive type of fuel cell. The electrolyte is typically 
molten salt of Li+/Na+ or Li+/K+ carbonates in a LiAlO2 matrix. The electrochemical half 
reactions are: 
 
At the anode: 
2H2 + 2CO32- → 2H2O + 2CO2 + 4e-  Equation 7 
At the cathode: 
O2 + 2 CO2 + 4e- → 2CO32-   Equation 8 
 
The CO32- ions produced at the cathode side are the charged carriers in MCFC, these ions 
travel toward the anode where they convert back to CO2, which in turn is recycled back 
to the cathode side. 
 
1.1.4.4 Solid oxide fuel cell (SOFC) [3], [4], [6], [7], [10], [14]: 
SOFC is another type of a high temperature fuel cell. It usually operates at 800-1000 ᴼC 
using an electrolyte of “nonporous metal oxide of Y2O3 (8%) doped with ZrO2”[4]. This 
type of fuel cell is still under demonstration and development. The anode in SOFC is 
Ni/YSZ and the cathode is usually a ceramic composite of LaMnO3-based perovskite 
oxides. The charge carrier in SOFC is O2- as shown in the electrochemical half reactions 
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below: 
 
At the anode:  
H2 + O2- → H2O + 2e-  Equation 9 
At the cathode: 
½ O2 + 2e- → O2-   Equation 10 
 
1.1.5 Polymer electrolyte membrane fuel cell: 
The polymer electrolyte membrane fuel cell (PEMFC) also known as a proton exchange 
membrane fuel cell [15], it is considered one of the best cells in terms of efficiency [16]. 
PEMFC is characterized by a simple structure, high-energy efficiency, efficient fuel 
storage and low emissions. This makes it fairly common in portable applications [17]. 
The operation temperature of PEMFC is low in the range of 80-200 ᴼC, making it 
suitable for the quick start-up applications.  
Typical H2/air PEMFCs operation simply occurs by oxidation of hydrogen at the anode 
and reduction of oxygen at the cathode side using Pt catalyst supported by carbon 
material [17], [18]. The Pt is the efficient catalyst material and considered to be most 
active, selective and stable catalyst for both the anode and cathode[18], [19]–[21].  The 
electrodes squeezed between a thin layers (~50µm) of polymer membrane acting as an 
electrolyte. The most commonly used membrane is Nafion® because of its high proton 
conductivity, stability and durability [7], [8], [10], [22], [23]. However, different 
membranes could be used in the high temperature PEMFCs which show good 
conductivity and mechanical stability under elevated temperatures [24]–[27], [22]. Each 
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cell can produce less than 1 V and efficiency of up to 83%, therefore, more than one cell 
can be stacked together in series using bipolar plates in order to generate more useful 
voltage for different applications [4], [22], [28]–[31] [32].  
 
1.1.5.1 The Process 
At the anode (the negative side of the cell), the hydrogen is fed in as a fuel. Hydrogen 
atoms adsorb onto the catalyst (Pt) surface, the H-H bond breaks and each hydrogen atom 
loses one electron and leaves the surface as a H+ proton (equation 11). The protons move 
over the polymer membrane towards the cathode, whereas the electrons move through an 
outside circuit performing useful work and back to the cathode side. This step is called 
“the hydrogen oxidation reaction (HOR)”[33] and the kinetics of this step are very fast, 
hence, the voltage losses are very small even with a very small loading of Pt [20].   
 
2H2 → 4H+ + 4e-   Equation 11 
 
1.1.5.2 Oxygen Reduction Reaction (ORR) 
At the cathode (the positive side of the cell), the oxygen is fed into the system as an 
oxidant. Oxygen is the most common oxidant for most fuel cell cathodes, because of its 
availability in the atmosphere [34]. The oxygen atoms adsorb onto the Pt catalyst surface 
and meet the hydrogen protons coming from the membrane and the electrons from the 
external circuit, this step is called “the oxygen reduction reaction (ORR)”[33]. In this 
step, the O=O bond breaks and reduction takes place, producing water (equation 12). The 
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produced water is pushed out of the cell by the hydrophobic nature of the surroundings 
and by the flow of air as fuel [4].  
O2 + 4H+ + 4e- →2H2O  Equation 12 
 
The kinetics of the ORR are sluggish compared to HOR. ORR is six times slower than 
the kinetics of HOR due to the strength of the oxygen double bond [35], [36]; therefore, 
the ORR at the cathode is a reason for over 50% of the voltage loss in the PEMFC [20], 
[35], [36]. There are two possible pathways on how ORR can process [37]: 
A. In acidic media: 
(i) The 4-electrons pathway (dissociative pathway), where the catalyst is active 
enough to break the O=O bond and directly produce water: 
O2 + 4H+ + 4e- →2H2O (Eo= 1.229 V)[38]  Equation 13 
 
(ii) The 2-electrons pathway (associative pathway), where hydrogen peroxide is 
produced and adsorbed onto the catalyst surface to give water: 
O2 + 2H+ + 2e- →H2O2  (Eo= 0.670 V)[38]  Equation 14 
H2O2 + 2H+ + 2e- →2H2O  (Eo= 1.77 V)[38]  Equation 15 
 
B.  In Alkaline media: 
(i) The 4-electrons pathway: 
O2 + 2H2O + 4e- → 4OH-  (Eo= 0.401 V)[38]   Equation 16 
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(ii) The 2-electrons pathway:  
O2 + H2O + 2e- → HO2- + OH-  (Eo= -0.065 V)[38]  Equation 17 
HO2- + H2O + 2e- → 3OH-   (Eo= 0.87 V)[38]  Equation 18 
 
The 4-electrons pathway is preferred to avoid the generation of the hydrogen peroxide as 
the reaction intermediate, which may degrade the membrane and the carbon support as a 
result of the formation of the HO▪ radicals. This depends on the chosen catalyst material, 
choosing a poor catalyst may not be active enough to reduce the oxygen directly and lead 
to generation of H2O2 instead of water [18], [35], [36], [39]. According to Sabatier 
Principle, the interaction between the substrate and the catalyst should be balanced, 
neither too strong nor too week. If the interaction is too week, the catalyst will not be able 
to make bonds with the substrate, and thus, the reaction will be sluggish or not happen. In 
contrast, if the interaction is very strong, the intermediates or products will not leave the 
catalyst surface, and hence, block the catalyst surface for any further reaction[40][18]. 
Nørskov et al.[41], used the concept of Sabatier principle and “Density Functional 
Theory (DFT)”[41] calculations to get the bond energies of oxygen and hydroxyl species 
with some metals. The activities of those metals plotted as a function of the oxygen 
binding energies named volcano plot. Figure 1.5 displays the volcano plot for binding 
between oxygen and those metals, and Figure 1.6 displays the activity versus both 
oxygen and hydroxyl binding energies. In both, Platinum (Pt) observed the best active 
ORR catalyst with optimum binding energies. Metals such as Ag and Au, show week 
binding with oxygen, thus, low oxygen adsorption limited the rate. In contrast, metals 
such as Cu and Ni, bind oxygen strongly, and thus, limit the activity by the desorption of 
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oxygen and hydroxyl. However, platinum-based materials are the best choice for the 
more desirable 4-electrons pathway [18], [39], [42], [43].  
 
 
 
Figure  1.5. Trends in oxygen reduction activity vs oxygen binding energy[41]. 
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Figure  1.6. Trends in the activity of the oxygen reductions vs both the oxygen and 
hydroxyl binding energy[41]. 
 
 
Since the major drawback of fuel cells is the cost of its components in specific catalysts, 
which are used in the oxygen reduction reactions (ORR) such as Pt, it is an important to 
design new family of relatively inexpensive ORR catalysts with high efficiency and more 
durability. 
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1.2 Carbon materials supported Pt and Pt-alloy catalysts  
Day by day, the improvement of high performance energy storage devices has been 
increasing to allow effective usage of clean and renewable energy sources [44]. The most 
important issues that manage the performance of such devices are the features of 
electrode materials. In PEMFCs, platinum is the most efficient catalyst material used for 
both cathode and anode supported on carbon material. However, the high cost, durability 
and stability are the main challenges for wide-scale commercialization. 
Currently, 0.4 mg/cm2 of Pt nanoparticle is used in the fuel cell, which cost about 50% of 
the PEMFCs total cost. However, the Pt loading should reduce to less than 0.1 mg/cm2 to 
reach the commercialization target [17], [45]. Improving the activity of the carbon 
support materials by enhancing their properties is one of the strategies to increase the 
carbon support performance, decrease the Pt loading, and therefore, reduce the cost of the 
fuel cell [45].  
Presently, the excellent electrical conductivity and chemical stability of carbon materials 
in addition to their large surface area make it the most commonly used materials in 
electrodes [44], [46]. Carbon materials work as a substrate with large surface area for 
well dispersion of Pt nanoparticles, and therefore, decrease the quantity of the platinum 
loading in the fuel cell electrodes [17]. In addition to their main work as electrode 
materials, carbon materials can also work as a conductive additive [47], [48] and as a 
substrate for supporting metals in fuel cells [49]–[51]. The characteristics of the support 
plays an important role in the performance and durability/stability of the catalyst [45]. 
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1.2.1 Carbon black 
Carbon black (CB) is the most commonly used material as catalyst support for Pt and Pt-
alloy as Pt/C and Pt-alloy/C since 1990s [17], [45], [52], [53]. They are manufactured by 
“pyrolysis of hydrocarbons using a furnace black process”[36] as one of the most 
important production method [36], [52], [54] . The materials are characterized by their 
large surface area to well dispersion of Pt nanoparticles with low loading [53], [55], high 
electrical conductivity (>1 S/cm) which is important to meet the need of the electrons 
flow between catalyst and electrode [53], [55], porous structure and low cost  [17], [45], 
[52], [53]. The most common types of carbon black materials with their properties are 
listed in Table 1.1. 
 
 
Table  1.1. Various types of carbon black and their physical properties. 
Carbon 
Support 
Supplier Surface 
area (m2/g) 
Partial Size 
(nm)  
Conductivity 
(S/cm) 
Reference 
Vulcan XC-
72R 
Cabot 250 30 2.77 [17], [53], 
[54] 
Black pearls 
2000 
Cabot 1500 15 >1 [17], [53], 
[54] 
Denka black Denka 65 40 4 [17], [53], 
[54] 
Ketjen Ketjen Black 800 30-40 4 [17], [53], 
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EC300J international [54], [56] 
Ketjen 
EC600JD 
Ketjen Black 
international 
1270 35-40 10-100 [17], [53], 
[54], [57] 
 
 
Among these types of carbon black, Vulcan XC-72R is commonly used as a support by 
80% of electrocatalysts according to its high conductivity, high surface area, and 
availability with cost effective [52], [54]. Commonly, Pre- chemical or physical 
activation is needed for carbon black materials before their use as catalyst support to 
increase the dispersion of metals on carbon black and to enhance the catalytic activity 
[36], [52]. However, although carbon black materials have many advantages, they also 
suffer from some disadvantages when used as catalyst supports. The two main problems 
of these materials, firstly, the dense structure of the carbon leads to a very low amount of 
Pt nanoparticles to deposit, due to the small average pore diameter of less than 2 nm of 
carbon black, this small pore size limits the interaction between Nafion ionomer and the 
catalyst nanoparticles and prevents the fuel from moving smoothly, and thus, limiting the 
mass transfer [17], [36], [45]. Tang et al. [58] published a review studying the effect of 
pore size, morphology and structure of using carbon support materials on improvement of 
high-performance electrodes for fuel cells. 
The second problem is the corrosion of the carbon as a result of the formation of CO2 on 
the cathode surface during the electrochemical oxidation as the following: 
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C + 2H2O → CO2 + 4H++4e-   Equation 19 
 
As the carbon corrodes, Pt nanoparticles dissolute and migrate from the carbon surface 
and tend to agglomerate into larger particles, and thus, to decrease in the Pt high surface 
area and subsequently lowering the durability and performance of the fuel cell [45], [59]–
[61]. Many publishers studied the influence of corrosion on the fuel cells when using 
carbon black as a support [62]–[67]. Consequently, researchers gave more attention to 
develop other novel carbon-support materials with large surface area, better stability, 
high conductivity and mesoporosity instead of Vulcan XC-72R and other types of carbon 
black materials. In this regard, nanostructure materials like graphene, carbon nanotubes 
(CNTs), and carbon nanofibers (CNFs) have attracted the focus of intensive research in 
recent to use as supports because of their unique properties [17], [54]–[56], [68], [69].  
 
1.2.2 Nanostructure Carbon Materials: 
The effect of nanotechnology on proton exchange fuel cell as a new source of alternative 
energy has been shown in many directions such as; high surface area support materials, 
purification of input fuel, and high performance membranes [70], [71]. Nanotechnology 
also affords the possibility to introduce new nanomaterials to work as catalysts in order to 
replace the highly expensive platinum catalyst [70]. On the other hand, different 
supporting materials other than carbon black have exhibited an interesting influence on 
the catalytic activity of the prepared catalyst. Commercial carbon, which is normally used 
as supporting materials for the catalyst, showed low dispersion ability because of its low 
surface area of less than 300 m2/g especially with high loading catalyst [72]. In addition 
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to carbon black, various nanostructure materials have been developed over time to be 
used as catalyst supports in PEMFCs. These include graphene, carbon nanofibers (CNFs), 
and carbon nanotubes (CNTs) [72]–[74]. They are characterized by their mesoporous 
structure and average pore diameter of 2-50 nm which favors smooth mass transport [58], 
[75], high purity, high surface area, high chemical stability in acid and alkaline media due 
to their “high graphitic nature (e.g. CNTs and CNFs)”[75], large energy conservation and 
high conductivity, has been used as a support for different metals [70], [76]. With the 
revolution of graphene technology, due to the high specific surface area of graphene, it 
has been used as a support for a catalyst in fuel cell [72], [77], [78]. Graphene will solve 
the problem of low surface area of commercial carbon, which is normally used as a 
support for catalysts in manufacturing fuel cells [78]. In addition, graphene has a lower 
cost, similar conductivity and higher surface area than CNT [78]. On the other hand, 
scientists recently have given high interest to the use of carbon nanofibers (CNFs) as a 
catalyst support for fuel cells [70], [79], [80]. CNF is characterized by having good 
electrical conductivity, high surface area and micro/meso-porous structure [70], [81]. The 
different arrangement of graphite sheets gives the advantage of having hollow cavities in 
the case of CNF compared to CNT [70].  
However, various publications described the use of metal free carbon materials as 
catalyst and potential electrodes in fuel cells such as nitrogen doped graphene [82]–[84], 
where results proved better performance and high stability compared to Pt/C for ORR in 
alkaline electrolyte [78], [84]. Additionally, researchers reported the effect of nitrogen 
doped carbon fibers on the conductivity [81] and electrocatalytic activity of NiOx for the 
oxidation of methanol in alkaline medium [80].  
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Among the various forms of carbon, the one dimensional (1D) carbon nanotubes (CNTs) 
and carbon nanofibers (CNFs) are preferred for fuel cells due to their advantages 
compared to the other forms of carbon. One of these advantages is the low percolation 
conductivity because of the high aspect ratio of over a few hundred [85], [86]. The other 
advantage is that the large surface area help to accept high concentrations of metals and 
metal oxides when they are used as substrates[87]. Also the flexibility and the mechanical 
properties makes CNTs and CNFs a preferred choice in fuel cells over other carbon 
forms[88], [89] and makes it possible to use CNTs and CNFs as electrode materials in 
fuel cells.  
Although CNFs generally exhibit less electrical conductivity and less surface area than 
CNTs, CNFs are still prioritized for use in such devices ahead of CNTs. This is primarily 
due to the flexibility of fabricating different morphological features, such as hierarchical 
pores and core shell structures with low crystallinity of the CNFs compared to CNTs. 
This helps to in as it has “defects and functional groups” working as active sites for 
reactions for “charge storage” and improving the “energy density”[46], [90], as well as 
the easy dispersion and low production cost. Table 1.2 presents some of the important 
properties and applications of the different forms of carbon.  
.[91]–[98]. 
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Table  1.2. Some of the important properties and applications of the different forms of 
carbon [91]–[98]. 
Carbon Properties Applications 
Specific 
gravity 
(g. cm-3) 
Electrical 
conductivity 
(S.cm-1) 
Thermal 
conductivity 
(W/mK) 
Surface 
area 
(m2/g) 
Carbon 
black 
0.13- 2 5- 30 0.4 10- 
1443 
Conductive 
additives, electrodes  
CNTs 0.8- 1.8 102- 106 2000-6000 50- 
1315 
Conductive 
additives, electrodes, 
substrates 
CNFs 1.5- 2.0 10-7- 103 5-1600 
(graphitic 
CNFs) 
20- 
2500 
Conductive 
additives, electrodes, 
substrates  
Graphite 1.9- 2.3 4000 (in 
plane), 3.3 (c-
axis) 
298p, 2.2c 1- 20 Anodes in LIB 
Graphene 2.3 106 600-5000 500- 
2630 
Conductive 
additives, electrodes, 
substrates  
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Carbon nanofibers (CNFs) show many features such as high conductivity, stability, and 
good mechanical properties[98]. Therefore, CNFs are preferred in several applications 
like fuel cells, batteries, sensors, nanocomposites, and tissue engineering [99]. Andersen 
et al. [100] published a study comparing the durability of CNTs, CNFs and Vulcan XC-
72. The results show that the high crystalline CNFs presented better stability over CNTs. 
The study also reported that CNFs have the best durability relative to CNT and Vulcan 
XC-72 in the order of CNF > CNT > Vulcan XC-72 when used as catalyst support for 
PEMFCs. Park et al. [101] mentioned the production of high porosity polyacrylonitrile 
PAN-based carbon nanofiber with high surface area and rough surface, using the 
electrospinning technique and studied the performance of the produced CNFs as catalytic 
support in PEMFCs. The results presented that the morphology of the produced CNF 
enhanced the catalytic activity due to the increased Pt utilization of the Pt/CNF electrode 
69%, while that of Pt/XC-72R was 35%. Thus, the produced CNFs exhibited better 
performance over Vulcan XC-72R as a Pt support. 
 
1.2.3 Pt-based alloy catalysts 
Although Pt supported carbon is considered the main catalyst responsible for both ORR 
at the cathode and HOR at anode, its high cost is also the main barrier for the wide 
distribution and commercialization of fuel cells [102]. Scientists have invested a lot of 
effort to reduce the cost of these electrodes by decreases the amount of platinum used 
[79], [80], [103]–[108]; bimetals such as Pt-Au, Pt-Pd,Pt-Co, Pt-Cu, Pt-Ir, Pt-V, Pt-Mn, 
Pt-Ru and Pt-Ni [8], [103], [104], [108], [109], tertiary metals such as Pt-Co-Cr [105], 
and quaternary metals such as Pt-Ru-Rh-Ni [70]. Also non Pt catalysts such as Pd, and 
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NiOx, Ni-CoOx [79], [80], [106]. It has been reported that the Pt alloys with non-noble 
transition metals had a great ability to decrease the catalyst cost and enhance the ORR 
activity [110] [19][111]. Among different metals, the CuCoNi ternary nanostructure 
showed good activity and stability [110], [112]–[115]. In addition to that, many synthetic 
method have been reported for the preparation of platinum alloys. One example beings 
colloidal methods, where agglomeration is inhibited by using polymeric substance, which 
act as protective agents in the reaction medium [107], [108]. This is better than the 
conventional impregnation method including high heat treatment leading to particle size 
growth and low surface area [116]. Also, a microwave synthetic method has been 
reported as a unique technique for preparation of catalysts in fuel cell applications [106], 
[117], [118]. This method is characterized over the last two methods by a uniform and 
fast heating process, which avoids temperature gradient leading to very narrow particle 
size distribution [108]. Furthermore, electrodeposition method is a promising technique 
to prepare Pt alloy catalysts [119]. It is considered as an effective, low cost, and simple 
technique [119]. This method has been reported in many studies [109], [119]–[127]. 
Hakemy et al. [119] and Li et al. [128], reported in separate studies the use of 
electrodeposition method to fabricate cobalt oxide modified carbon nanotubes and a low 
platinum content of Pt-Ni-Co ternary alloy catalyst, respectively. The fabricated catalysts 
exhibited obvious enhancement of ORR activity. Earlier, Tang et al.[128] and Kim et al. 
[122] proposed in their studies the high dispersion and adhesion of the Pt nanoparticles 
on CNFs when using the electrodeposition technique, and thus reduce the Pt loading. Liu 
et al. [113] prepared a quaternary PtCuCoNi nanotube via one step direct 
electrodeposition technique. A porous anodic aluminum oxide (AAO) membrane 
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template has been used, which removed later by immersed the AAO membrane into 10 
wt% H3PO4 solution for 5 hours at 45 ᴼC. The study showed that the fabricated 
PtCuCoNi nanotube exhibited better ORR activity than the commercial Pt black and Pt/C 
catalysts. The ORR activity was evaluated by rotating disk electrode (RDE) voltammetry. 
The polarization curve of the fabricated PtCuNiCo/NT, Pt black, and Pt/C are presented 
in Figure 1.7. The scan rate was 10 mVs-1 with a rotating speed of 1600 rpm in 0.1 M 
HClO4 saturated with O2. The half wave potential of the three catalysts were 0.74 V, 0.84 
V, and 0.87 V for Pt black, Pt/C, and PtCuCoNi, respectively. As shown, although the 
prepared PtCuCoNi/NT has low content of Pt, but it exhibited better ORR activity over 
the commercial Pt black and Pt/C.  
 
 
 
Figure  1.7. Polarization curves of the different catalysts [113]. 
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The author suggested this enhancement of the ORR activity is due to the multimetallic 
alloy consisting of Cu, Co, and Ni, and also due to the hollow structure of the material, 
and thus could be used to fabricate a high effective ORR electrocatalyst with low Pt 
content in fuel cells. Moreover, Wang et al. [114] reported the influence of such metallic 
structure towards hydrogen evaluation reaction (HER) on their work of fabrication 3D 
CoNiCu nanostructure by a facile electrochemical method. The results proposed good 
electrocatalytic performance and excellent activity in HER compared with other non-
noble alloys. Rostami et al. [115] published a study about the activity of a modified 
ternary alloy graphite electrode (G/NiCuCo) for the methanol oxidation in alkaline media 
in DMFCs. The deposition of the ternary alloy was achieved by repetitive scanning the 
electrode to a soluble solution of the metals salts over cathodic potential range of 0 V to -
1 V vs Ag/AgCl for 40 cycles. Consequently, a scanning of 60 cycles over anodic 
potential range of 0 V to 1 V in alkaline solution with scan rate of 100 mVs-1 for both 
processes. The results proposed that the addition of Co and Cu to the Ni-based modified 
graphite electrode enhanced the methanol oxidation performance in alkilne medium 
comparing with the pure metals or the binary alloys. In a similar work, A. Hamza et al. 
[112] used the electrodeposition technique to fabricate a ternary nanostructure of CuCoNi 
modified CNT on glassy carbon electrode (GCE). The activity of the fabricated ternary 
catalyst has been examined towards methanol oxidation in alkaline medium. In the study, 
a constant electrolysis potential of -0.9 V has been applied for several times in the 
potentiostatic deposition of the metals on CNT/GCE. A 0.1 M sodium sulfate solution 
was prepared including 1mM of the sulfate salt of each metal ion. The passivation of the 
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metallic deposition carried out using 1M NaOH at scan rate of 100 mV.s-1, and the 
potential has been cycling in the range of -0.2 V-0.55 V for 15 cycles. The results 
exhibited better stability and activity towards methanol oxidation for the 
CuCoNiOx@CNT/GCE of about 2.5 times comparing with the mono catalysts depending 
mainly on the deposition time. 
1.2.4 Doped carbon support materials 
Doping carbon support materials with heteroatoms can enhance their physical and 
electrochemical properties like the electrical conductivity, mechanical properties and 
chemical binding between the Pt and the support leading to enhance the dispersion of the 
Pt on the support and therefore more catalytic activity and durability [129]–[131].  
The incorporation of a heteroatom into a carbon skeleton serving secondary phases within 
the carbon framework and enhance the ORR performance by adding more catalytic active 
sites favor for O2 adsorption and the 4e- pathway reaction mechanism of catalysts [17], 
[42], [132].  
The most common dopants are nitrogen, boron, sulfur and phosphorus. These materials 
are relatively cheap and environmental friendly [133], [134]. Among all of these dopants, 
N-doping with carbon has been widely used and studied to improve the nature and 
properties of the support material [42], [84], [90], [133]–[141]. Nitrogen has a large 
electronegativity (N: 3.04) comparing to carbon (C: 2.55) with an excessive valence, 
providing more defects in the graphitic plane due to the π-electrons, and also decrease the 
crystallinity, and thus, create more chemically active to Pt nanoparticles deposition [42], 
[133]–[135]. The positive charge density on adjacent carbon atom make it favorable for 
O2 adsorption and, therefore, weaken O-O bonding and drive the ORR via the 4e- 
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pathway, and as a result, has excellent catalytic activity towards ORR [134], [142], [143]. 
Moreover, doping carbon materials with boron (B) and phosphorus (P) have been studied 
[144], [145]. Unlike Nitrogen which is strongly bonded with Pt with covalent bonds 
because of the high electronegativity, boron and phosphorus have smaller 
electronegativity (B: 2.04 and P: 2.19 respectively) than carbon, nevertheless, they also 
showed good catalytic activity toward ORR by forming ionic bonds with Pt and therefore 
increased the Pt dispersion on the carbon material [17], [144], [145]. 
 
1.2.5 Sulfur Doping 
Sulfur-doped (S-doped) carbon materials have recently been investigated for catalytic 
applications [146]–[148]. In the case of using sulfur as dopant material, the 
electronegativity between sulfur (electronegativity of S: 2.58) and carbon 
(electronegativity of C: 2.55) is relatively the same. As many researches study the effect 
of doping carbon materials with atoms having larger electronegativity such as nitrogen or 
smaller electronegativity such as boron and phosphorus than carbon. It was interesting to 
study the doping with elements of similar electronegativity (e.g. Sulfur). Only few reports 
have been published to study the sulfur doping effect on the ORR performance [149], 
[150]. Antonietti et. al [151] reported that the large atomic size of sulfur plays an 
important role to create stain and defect sites in the carbon lattice more than nitrogen 
which is smaller in its atomic size than sulfur, and also sulfur can easily interact with the 
surrounding electrolyte molecules more than nitrogen, due to lone pairs of sulfur in the 
polarizable d-orbitals than those of nitrogen [151], [152]. Kicinski et al. [153] reported 
the important effect of the lone electrons pairs of sulfur, which make sulfur plays as a 
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donor of electrons, and thus, increase the electronic density when using as a dopant. Yang 
et al. [147] published a study about producing a metal free ORR catalyst of S-doped 
graphene through “annealing graphene oxide and benzyl disulfide under argon” (Figure 
1.8). The electrochemical activity of the fabricated S doped graphene was investigated at 
different temperature from 600 to 1050 ᴼC. 
 
 
 
Figure  1.8. Fabrication of S-doped graphene from graphene oxide and benzyl disulfide, 
Yang et al. [147]. 
 
 
All the samples had limiting current density and onset potentials higher than pristine 
graphene. The results show better catalytic activity for ORR with the fabricated S-
graphene compared with commercial Pt\C catalysts. The study as well suggested that the 
small change in the atomic charge distribution is most probably due to the creation of C-
bonds at the edge of the defect sites. Wang et al. [150] published a fabrication way of 
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sulfur doped graphene using a Na2SO4 as a source for sulfur and Na2CO3 as a source for 
carbon in the presence of magnesium metal under high temperature (Figure 1.9). The Mg 
act as a reducing agent from both CO32- to produce graphene and SO42- to supply sulfur 
which is employed to the carbon sp2 structure.  
 
 
 
Figure  1.9. Fabrication of S-doped graphene via magnesiothermic reduction of CO32-, 
Wang et al. [150]. 
 
 
The produced S doped graphene samples show less ORR onset potentials and more 
limiting current density compared with pure graphene as confirmed by the LSV results in 
Figure 1.10 for the different samples. Furthermore, the XPS results confirm direct doped 
of sulfur atoms into the carbon as thiophene-like (-C-S-C-). The produced S doped 
graphene show enhancement of the electrocatalytic activity and stability for ORR through 
4-e- reaction pathway than the commercial Pt/C. 
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Figure  1.10. Linear sweep voltammetry of different samples at 1600 rpm [150]. 
 
 
Li et al. [154] published a new and cost effect method of dopant p-benzenedithiol 
(pBDT) to produce S-doped CNTs after heating oxidized CNTs and pBDT in presence of 
N2 directly to get pSCNT with good electrocatalytic efficiency and stability as well as 
long durability and better selectivity in case they used for ORR in alkaline fuel cells. The 
resulting sulfur-doped CNTs show that sulfur be can doped inside the network of CNT as 
thiophene-like sulfur in addition to the oxidized sulfur groups. 
Hoque et al.[155] provides a study about how the sulfur concentration can effect ORR 
activity of sulfur graphene support platinum nanowires. The morphologies, structural and 
electrical properties of sulfur graphene doped platinum nanowires (PtNW/SG) with 
various concentrations of sulfur, followed by electrochemical kinetic study with different 
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parameters like Tafel slope, exchange current density and activation energy in respect of 
ORR. This study clearly showed that the ORR kinetics of nanowire catalysts affected by 
the amount of sulfur dopants in sulfur graphene (SG). The XRD outcomes show that the 
graphene layers increase with the increase of sulfur content and the ratio of SP2 and SP3 
carbon decreases showing lower graphitic character of SG. Furthermore, the UV-vis and 
LPR technique results indicate that with the increasing sulfur content in graphene, the 
band gab increases and the electrical conductivity decreases. Among the different 
concentrations of sulfur content of SG (0.35, 1.40, 2.70 and 3.95 at.%), the 1.40 at.% 
sulfur provide the best electrokinetic activity, with a 1852 mA/mgpt of mass activity and 
662 µA/cm2pt of specific activity at 0.9V vs. RHE. It also shows high exchange current 
density and low activation energy. The higher sulfur contents interrupt the growth of 
well-defined PtNWs which reduces the ORR performance and stability, while the lower 
concentration of sulfur content (0.35 at.% sulfur) shows a similar ORR performance with 
pure graphene. Park et al. [152] studied the preparation of sulfur-doped graphene using 
pristine graphene which was prepared based on “fluorinated graphite intercalation 
compounds (FGIC)-derived graphene with heat treatment at 600-900 ᴼC in presence of 
carbon disulfide (CS2) vapor under argon (Ar) gas”. In addition, nitrogen-doped 
graphene was also prepared in the same way at 850 ᴼC under ammonia (NH3) gas for 
comparison. In results, it found that the sulfur content influenced the catalytic activity of 
S-doped graphene, and hence, the current density and onset potential toward ORR. 
Moreover, the prepared s-doped graphene exhibited higher electrocatalytic and durability 
than N-doped graphene which, however, enhanced the onset option. The XPS results 
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showed that the S has “thiophene-like structure”. Earlier, Inamdar et al. also mentioned 
the effect of how the sulfur bonding with carbon structure [156]. In the study, the 
thiophene used as a sulfur and carbon source after burning using “flame pyrolysis 
method”. The XPS results suggested that the thiophene structure (-C-S-C-) is an active 
site for ORR, as the electrochemical results showed that the ORR peak potentials shifted 
to less negative values with sulfur content, indicating that sulfur has a role as an active 
site for ORR by effectively drive the oxygen reduction process towards the 4-electron 
pathway. 
Domínguez et al.[157] reported the integration of nitrogen or sulfur and nitrogen by urea 
or thiourea as a sources of both S and N, inside multiwalled carbon nanotubes after it was 
physically treated to enhance defects for the integration of N and S in those defects sites 
in the C-C structure of CNTs. Co-doping with S helped increase the amount of N into C-
C structure after the CNTs graphitic structure collapses. This increase of the N amount in 
the catalyst and enhanced the activity of N/CNT towards ORR in acidic media as well as 
alkaline media. Furthermore, the co-doping with S enhanced the catalytic activity 
towards ORR in acid media. A fabrication of N and S dual-doped mesoporous graphene 
by a single step reported by Liang et al. [158] to create an ORR electrocatalyst  with a 
high performance to replace Pt/C. It mentioned that enhanced mesoporosity helps the 
diffusion of reactants in the ORR process and synergistic effects forming by multiple-
element doping. By comparison to commercial Pt/C or even only S or only N, the dual-
doped carbon catalyst showed excellent ORR performance. Furthermore, the 
redistribution of spin and charge densities from dual-doping leads to more active sites of 
carbon atoms as sulfur forms a double bond with C on the edge of graphene clusters. 
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With S only doped graphene, charge transfer originates from the difference on the 
elements orbitals. The charge transfer on N only doped graphene is because of the 
difference between C and N electronegativity, thus the ORR originates from all around C 
atoms with high positive charge density. Sulfur loss and an electron on the 3s orbitals as 
its embedding into the carbon texture with sp2 hybridization, lead the sulfur atom to be 
positively charged and work as the catalytic center of ORR. In N/S dual-doped, no paired 
electrons insert into the graphene cluster and the density of atomic charge/spin is highly 
changed. (Figure 1.11)[158]. 
 
 
 
Figure  1.11. Charge and Spin densities of N and S dual doped graphene. [158]. 
 
 
However, many studies reported the role of spin density in the case of S-doping to 
catalytic activity [147], [152], [158], [159]. Recently, Zhang et al. used Cysteine as a 
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sulfur source to produce nitrogen/sulfur-doping graphene [160]. The fabrication process 
(Figure 1.12) started with modifying the graphene oxide (GO) with cysteine as a N/S 
source by mixing together and stirring the mixture for 7days, followed by heating at 900 
ᴼC under Argon. 
 
 
 
Figure  1.12. Fabrication process of N/S co-doped graphene, Zhang et al. [160]. 
 
 
The produced catalyst was denoted as N/S-G-7d. The ORR activity measured using 
glassy carbon electrode for linear scanning voltammetry (LSV) and cyclic voltammetry 
(CV) measurements. The results showed excellent ORR performance and durability in 
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alkaline electrolyte. From the LSV results presented in Figure 1.13a, the N/S-G-7d 
sample has more positive onset potential and the highest limiting current density not just 
to the other samples which had less or more stirring days, but also over the commercial 
Pt/C (Figure 1.13b). However, the current density and the 4-electron reaction selectivity 
was very near to that of Pt/C. The study obviously indicates the importance of the 
heteroatom source and the reaction conditions as a main factor in getting dopant materials 
with good ORR performance.  
 
 
 
Figure  1.13. LSV to compare ORR activity of N/S-G-7d with a) other samples prepared 
under different reaction conditions, and  b) commercial Pt/C and reduced graphene oxide 
(RGO), Zhang et al. [160]. 
 
 
Theoretically, Tavakol and Keshavarzipour studied the influence of sulfur doped carbon 
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nanotubes in 4-eletron ORR by employing DFT theory method [149]. They calculated all 
possible energies of all pathways in addition to energy gaps and chemical potentials. 
When doping the carbon nanotube with sulfur, unpaired electrons were introduced 
leading to local high density and smaller gap energy, and thus, higher ORR performance 
than none doped carbon nanotubes. 
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1.3 Electrospinning  
The electrospinning technique is considered to be the most effective, easy and cost 
effective technique to fabricate CNFs with small diameters in the range of tens 
micrometers down to a few nanometers, which makes it suitable to use with many 
applications including the energy storage devices[138], [161]–[166]. Furthermore, the 
variability of the materials (organic and inorganic materials) that can be used to produce 
nanofibers by electrospinning add greater advantage to this technique for energy device 
uses, especially the use of metal oxides which help to enhance the conducting properties 
of the produced nanofibers [99]. 
 
1.3.1 History of Electrospinning 
In 1745 Bose studied the effect of electrostatics on liquids as he “produced aerosols by 
applying a high electric potentials to drops of liquids”[167]. Later in 1882, Lord Rayleigh 
studied the charge amount that can overcome the surface tension of a drop, which opened 
the door for electrodynamic researchers to understand the effect of electric change on 
dielectric liquids.[167]. This led to the fundamentals of electrospinning technique, firstly 
reported in 1934 [168][169] by Anton Formhals who published several patents between 
1934 to 1944 where a polymer filament of cellulose acetate was formed as an effect of 
electrostatic force [170]–[174] with the term “electrostatic spinning”. He used an 
apparatus consisting of two electrodes of different electrical charges, one connected to a 
collector while the other immersed in solution to form fiber effected with many factors 
like the viscosity and the distance between the spinnerets and the collector. In 1952, 
Vonnegut and Neubauer created a simple high-voltage uniform electrified method using a 
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glass tube filled with water or other liquids and an electric wire attached to a source of 
high voltage (5-10 kV) [175]. In 1955, Drozin used a similar tube to that used by 
Vonnegut to produce an aerosol of uniform size of different liquids under high electrical 
potentials [176]. Taylor in 1964, reported the formation of jet from liquid drop on the 
needle forming a conical shape when applying an electric field (Figure 1.14) [177], which 
was later named after him; the ‘Taylor cone’ [178]. Taylor in 1969 also introduced the 
first model of the electrospinning process named the “leaky dielectric model”, which is 
usable if the fluids conductivity is finite [169][179].  
 
 
 
Figure  1.14. Taylor cone formation with increasing voltage (left to right) [177]. 
 
 
 
In 1966, Simons patented a technique using electrical spinning to get short, fine, and non-
woven fabrics of lightweight ultra-thin textiles from low viscosity solutions [180]. 
Baumgarten in 1971, reported how he had successfully produced acrylic fiber with 
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micrometer diameter of 0.05-1.1 microns using stainless steel capillary tube attached with 
a source of high voltage current and used a grounded metal screen to collect the produced 
fibers [181]. Years after, the electrospinning technique attracted researchers yet further. 
Larrondo and Manley in 1981, Reneker and Chun in 1996, Fong and Reneker in 1999, 
Chen et al. in 2001, Huang et al. in 2003, Yang et al. in 2005 among many others [182]. 
 
1.3.2 The Electrospinning Process  
Although many improvements have been made, the main principle and the classic device 
setup of the electrospinning is the same. In 1993 Doshi and Reneker published their study 
of the typical electrospinning process. They successfully produced fibers with a diameter 
range of 0.05 to 5 microns [183]. In the electrospinning technique, the typical setup of the 
device (Figure 1.15) is composed of three major components to achieve the process [183] 
[184] [185]: 
1- A power supply as a source of high voltage electric current between the spinneret 
and the collector. 
2- A pump with syringe which have a small metallic needle at its, to control the flow 
rate. 
3- A collector. 
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Figure  1.15. The basic electrospinning set-up (a) Vertical and (b) Horizontal [169]. 
 
 
Firstly, the syringe is filled with polymer solution, then connected to a high voltage 
source at the metallic needle tip, while the other electrode is attached to a collector. A 
high voltage is applied to the syringe needle containing the polymer solution causes the 
polymer drop to be charged and generation of an electrostatic force. At a critical amount 
of the charge, the electrostatic force and the surface tension cause the polymer solution 
drop to deform in the direction of the collector, and thus take a conical shape called a 
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“Taylor cone” (Figure 1.14) due to the eruption from the formed droplet [178] 
[184][186]. The deformed drop elongates and becomes long and thin then forms a jet 
from the polymer solution which attracts to the charged collector, the solvent evaporates 
during its travels in the air and when it reaches the collector, results in solid nanofibers on 
the collector [187] [188]. 
 
1.3.3 Random and aligned fibers 
Many kinds of fibers can be produced via electrospinning, however the fiber alignment 
can change with the change of the collector type and its rotation speed [189]. Also, 
changing the single syringe to a multi-system syringe with different polymer solutions 
can be used to produce core-shell nanofibers [189]. Zhang et al. [190] used a rotating 
drum collector at low rotation speed to fabricate uniform thickness of PAN nanofibers 
with random orientation (Figure 1.16).  
 
 
 
Figure  1.16. PAN nanofibers with random orientation, Zhang et al.[190]. 
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Increasing the rotation speed leads to increase drawing force which causes the production 
of aligned fibers. Chew et al. [191] successfully produced aligned nanofibers when rising 
the rotation speed of the drum collector to a high speed (2200 rpm) resulting long aligned 
nanofibers. (Figure 1.17). Also Zhou et al. got aligned fibers when using a metal disk 
collector with a high rotation speed instead of the drum collector [192]. It is important to 
note that the very high rotation could lead to breaks and non-continues fibers [177]. The 
aligned fibers are important in that engineering applications such as tissue engineering 
and nanocomposites, because of its high mechanical properties compared with random 
fibers, while random orientation is more popular in electrochemical energy storage 
applications [177]. 
 
 
 
Figure  1.17. Aligned nanofiber fabricated with high ration drum collector speed, Chew et 
al. [191]. 
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1.3.4 Core-shell fibers 
The core/shell fibers are used in many applications, such as, “drug delivery 
system”[193]–[195] and as “electrode materials in electrochemical energy storage 
devices”[98], [196], [197]. To fabricate core/shell structures, a co-electrospinning (or 
coaxial electrospinning) is used as shown in Figure 1.18, with two different polymer 
solutions filled into the inner and outer nozzles. Generally, the shell works as support to 
protect the core materials. This structure is very useful to use with drugs and their 
delivery system, and can be used for loading two different drugs in a single fiber at the 
same time [168] [193]–[195], [198]–[201]. 
 
 
 
Figure  1.18. The basic coaxial electrospinning set-up to fabricate core/shell structure 
fibers [195]. 
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1.3.5 Effects of Parameters on Electrospinning 
There are many parameters effecting on the electrospinning process, those parameters are 
very important on the quality, morphology and proprieties of the produced fibers. Doshi 
and Reneker [183] summarized those parameters and classified them into three 
categories: polymer solution parameters, process parameters and ambient parameters. 
The polymer solution parameters including polymer concentration, conductivity, 
viscosity, and surface tension, while the current voltage used, the flow rate, and distance 
from the needle to the collector are the process parameters. Finally, the humidity and the 
temperature during the electrospinning process are the ambient parameters. 
 
1.3.5.1 The Polymer Solution Parameters 
1.3.5.1.1 Polymer concentration and viscosity 
The molecular weight and the concentration of the polymer is the main factor to control 
the viscosity of the polymer solution [202]. Fong et al. [203] studied, in 1999, the effect 
of viscosity on forming beads with polyethylene oxide (PEO) polymer. They used a 
polymer concentration of 1 to 4 wt.% during the experiment. The results show that a high 
viscosity was needed in order to get bead free fibers, as the beads decrease with the 
increase of the polymer solution viscosity. Identical conclusion was mentioned by Fang 
et al. [204] in his study of PAN polymer in DMF solvent, the low concentration (5 wt.%) 
formed more beads comparing with the higher concentration (7 wt.%) of the PAN 
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polymer solution (Figure 1.19).  
 
 
 
Figure  1.19. SEM of PAN nanofibers (a) 5 wt.% and (b) 7 wt.%, Fang et al. [204]. 
 
 
The study also showed that the fiber diameter is effected by viscosity, which increased 
with the increasing viscosity. This was mentioned earlier in 2005 by Mit-uppatham et al. 
[205] and in 2005 by Gupta et al. [206] In his study of viscosity and concentration on the 
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fiber formation of poly(methylmethacrylate), the PMMA fiber increased with the 
increase of the polymer solution viscosity (Figure 1.20). 
 
 
 
Figure  1.20. The fiber dimeter versus the solution viscosity of the PMMA, Gupta et al. 
[206]. 
 
 
1.3.5.1.2 Surface tension  
Lowering the surface tension of the polymer solution reduces the formation of the beads 
and reduces the applied electric field that is needed to overcome the surface tension in 
order to eject the charged droplet [183] [204]. The surface tension mainly depends on the 
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solvent used, Wang et al. [207] mentioned the importance of using a solvent with low 
surface tension in the electrospinning process. Fong et al. [208] described the use of 
ethanol as a solvent to produce smooth fibers, while Zeng et al. [209] reported the 
addition of surfactants to reduce the surface tension and get uniform fibers.  
 
1.3.5.1.3 The conductivity  
The polymer solution must have enough charges that make it able to overcome the 
surface tension and stretching the jet during the electrospinning process. Meaning if the 
polymer solution conductivity is low, the elongation of the jet because of the electric 
force and results in more beads [187]. One way to increase the conductivity is by adding 
an ionic salt (such as NaCl) to the solution [208], [210] to produce uniform fibers with 
less beads and small diameter.  
 
1.3.5.2 The Process Parameters 
1.3.5.2.1 The electric field 
The electrospinning process needs electric field with a specific value to generate the 
required charges on the polymer solution and overcome the surface tension then elongate 
the polymer jet to produce the fibers [178]. However, this critical value is dependent on 
the surface tension and the viscosity of the polymer solution. Generally, the higher 
molecular weight of the polymer, the higher the viscosity of its solution and so the higher 
electric field voltage needed [211]. 
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1.3.5.2.2 The distance from the tip to the collector 
The distance between the needle tip and the collector should be enough to give the fibers 
enough time to evaporate the solvent and dry before collected. A very short distance 
might cause beads to form on the formation fibers, [212] [213]. Fang et al. [204] again, 
reported the effect of the collecting distance on the formation of beads with PAN 7 wt. %, 
he mentioned the formation of beads with a distance less than 8 cm, while formation of 
bead-free fibers when increasing the collecting distance without changing the fiber 
diameter (Figure 1.21). 
 
 
 
Figure  1.21. Formation of beads on the fibers of 7% PAN at low collecting distance 
without effect on the fiber diameter, Fang et al. [204]. 
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1.3.5.2.3 The flow rate 
The flow rate is an important factor to determine the produced nanofiber during the 
electrospinning process. Yuan et al. [214] published a study to fabricate ultrafine fibers of 
polysulfone (PSF), mentioned that increasing of the flow rate will lead to form fibers 
with larger diameter and also forming beads within the fibers as observed in the SEM 
images in Figure 1.22 of two different samples prepared at flow rate of  0.4 ml/h and 0.66 
ml/h. 
 
 
 
Figure  1.22. SEM images of  the ultrafine PSF fibers with flow rate of 0.4 ml/h (a, b) and 
0.66 ml/h (c, d), Yuan et al. [214]. 
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1.3.5.3 The ambient parameters 
The temperature and the humidity are the ambient parameters that must consider about 
during the electrospinning process because they can affect the fiber morphology and the 
whole process of electrospinning. Casper et al. [215] reported on his study in 2004 the 
possible effect of humidity during the electrospinning process on polystyrene nanofibers., 
He found that with the increase of the humidity creates a porous structure of the fiber that 
forms on the surface of the produced fiber (Figure 1.23). 
 
 
 
Figure  1.23. SEM of PS fibers with humidity of: a) less than 25%, b) 31-38%, c) 40-
45%, d) 50-59% and e) 60-72%, Casper et al. [215]. 
 
  
   
53 
 
 
The number and the size of the pores increased with the increase in humidity. He 
recommended that the electrospinning process should take place at 25% humidity or less 
in order to get smooth fibers (Figure 1.23a).  
Furthermore, Mit-uppatham et al. [205] published a study to produce ultrafine 
polyamide-6 fibers and reported the effect of temperature on the produced fiber. He 
found that when increasing the temperature, the fiber morphology was not affected and 
still shows some beads with the smooth fiber, nevertheless, he reported that the increase 
of the temperature causes to reduce the viscosity of the polymer solution and therefore, 
decreases the fiber diameter. 
 
1.3.6 Polyacrylonitrile (PAN) 
Polyacrylonitrile (PAN) is one of the most common polymers used as precursor to 
produce carbon nanofiber by electrospinning technique, “using N,N-dimethylformamide 
(DMF) as a solvent”[216]. To date, Polyacrylonitrile (PAN) based material meets 90% of 
the total world’s manufacture of carbon nanofibers [217]. PAN is characterized by its 
good spinability [218]. It is able to produce CNF with high carbon yield of more than 
50% of the main mass and its content of N atoms, due to its chemical formula (C3H3N)n 
(Figure 1.24) [219], [220]. This gives it excellent mechanical properties, ability for 
modifying the structure of the produced CNFs and the simplicity of locating stabilized as 
a result of the creation of a ladder structure (Figure 1.25) through nitrile polymerization 
[219]. 
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Figure  1.24. Structure of Polyacrylonitrile [219]. 
 
 
They consist of nitrogen in the PAN structure, they have role as a nitrogen source within 
the produced fiber, which is useful to the ORR [141].  
 
 
 
 
Figure  1.25. Ladder structure of PAN [219][221]. 
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1.3.6.1 Heat Treatment 
In order to convert the electrospun PAN nanofiber into CNFs, further heat treatment is 
required consisting of two sequential steps: a stabilization followed by a carbonization 
step. Through stabilization and carbonization of PAN nanofibers, the fibers show major 
weight loss and shrinkage, causing a reduction of the fiber diameter [218][219]. 
 
1.3.6.1.1 Stabilization 
During the stabilization process, the chemical structure of the fibers change to form 
ladder structures by oxidation, dehydrogenation and cyclization reactions [219]. The 
process achieved in an atmosphere of air as an oxidizing medium at 180-300 ᴼC [222] 
[219]. This process is very important to make the carbon fiber structure thermally stable 
and ready for the carbonization process [219]. During the dehydrogenation process, a 
double bond is formed because of the elimination of water. Consequently, a cyclization 
reaction of the nitrile groups take place converting the triple bond of C≡N to a double 
bond C=N and makes a bond with other nearby carbon atoms resulting in the change of 
the aliphatic structure to a cyclic ring structure [217] [219] as shown in Figure 1.26 
below. 
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Figure  1.26. PAN stabilization process [219]. 
 
 
The fibers color change from white to brown then black at the end. Many research papers 
reported the ideal temperature for the stabilization process. For example, Fitzer et al. 
[223] reported that 270 ᴼC is the best stabilized temperature, while Mathur et al. [224] 
reported the need of a temperature up to 400 ᴼC for complete stability. However, 
overheating may burn the fibers while low temperatures may result in incomplete 
stabilization. Recently studies achieved this process in the range of 150-300 ᴼC [225] 
[226][164]. 
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1.3.6.1.2 Carbonization 
After the stabilization step, the carbonization step takes place. Unlike the stabilization 
process which needs oxygen for the oxidation reaction, the carbonization process is 
achieved in an inert atmosphere under nitrogen or argon [219]. During the process, 
aromatic growth and polymerization occur. When the temperature rises up to 800 ᴼC, the 
cyclic structure opens and a carbon chains begins to form in order to build graphitic 
carbon structure. Figure 1.27 represent the carbonization step which start after the 
stabilization step. With this process, the amount of nitrogen and hydrogen atoms decrease 
with shrinkage of the fibers diameter size, as a result of the elimination of nitrogen and 
hydrogen as (HCN) and NH3 gases [217] [227] .  
 
 
 
Figure  1.27. Heat treatment of PAN fibers. First step is stabilization and the second is the 
carbonization [141]. 
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A further increase of the temperature above 800 ᴼC leads to the formation of more 
graphitic phase but decreases the nitrogen content within the CNF structure. However, 
the existence of nitrogen atoms into CNF is favorable for ORR applications [141]. 
 
1.3.7 Electrospinning for oxygen reduction reaction (ORR) applications 
As discussed above, electrospinning is a simple, easy and cheap method used to produce 
fibers with small size of diameter in the nanoscale range[228]. Reducing the polymer 
fiber size from micrometers to micrometers and nanometers  gives the fibers unique 
properties relative to other fibers, increasing the surface area, high porosity, high 
permeability, light weight, and all with cost effectiveness[228]. Furthermore, the use of 
precursors rich in nitrogen (i.e. PAN), can add more benefits to the produced fiber as a N-
doped CNF, and is favorable for the ORR applications [141][226]. 
Zamani et al.[166] studded the combination of polyaniline (PANI) with Fe-PAN as a 
blend to fabricate Fe–PANI-PAN nanofibers by electrospinning for the first time. The 
pyrolysis leading to creation of catalysts of M-N-C nanofiber to enhance the ORR 
performance in acidic media. Choosing the PANI was based on its perfect nitrogen 
precursor to give effective M-N-C catalysts due to its structure of aromatic ring with rich 
nitrogen in orderly distribution, which can produce nitrogen-doped graphitic carbon 
structures while heating. Moreover, PAN can be a cheap polymer carrier to improve the 
solubility of PANI in solution as well as being another source of nitrogen. From the 
polarization curves in Figure 1.28a, he noticed that adding 10 wt. % PANI to the Fe-PAN 
solution can improve the ORR performance of the nanofiber produced for fuel cell 
applications compared with Fe-PAN without PANI with 100 mV improvement of the 
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onset potential and 70 mV of half-wave potential, with a high selectivity of the 4-electron 
pathway (Figure 1.28b).  
 
 
 
Figure  1.28. a) LSV curves in presence of oxygen, and b) The onset and half wave 
potentials with current density for the three catalysts, Zamani et al [166]. 
 
 
He proposed the role of high nitrogen content within the fabricated fiber to enhance the 
ORR activity. This study presented a unique method to produce an effective 1D 
inexpensive catalysts via electrospinning for ORR. In similar work, Qiu et al. [229] 
prepared an electrocatalyst based on PAN via electrospinning in the form of (Fe-N/CNF). 
The prepared electrospun PAN fibers stabilized at 250 ᴼC and then doped with Fe using 
different concentrations of Fe(NO3)3 solution, subsequently with carbonization process. 
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The SEM images of the prepared Fe-N/CNF showed broken fibers with porous structure 
(Figure 1.29), unlike the NCNF prepared earlier without Fe doping for comparison, 
which showed smooth, uniform and continuous fibers (Figure 1.29a). 
 
 
 
Figure  1.29. SEM images of a) NCNFs, the prepared Fe-N/CN with different 
concentration of Fe(NO3)3 b) 0.01 %, c) 0.5 %, and d) 3 %, Qiu et al. [229]. 
 
 
The ORR activities of the produced samples were studied in both alkaline and acidic 
media. The prepared electrocatalyst exhibited better ORR activity and stability than the 
catalyst without Fe specially in the acidic media. The author proposed that the existence 
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of Fe within the CNF enhanced the graphitization of the polymer to carbon and thus, 
improved the anti-oxidation ability, and therefore enhanced the lifetime of the catalyst.  
Recently, Shang et al. [226] used PAN as precursor with its benefit as a nitrogen and 
carbon source, to prepare a nitrogen-doped nanofiber encapsulated in cobalt nanoparticles 
(Co-PAN) as an ORR catalyst by electrospinning technique. The polymer solution 
consisted of both PAN and cobalt acetylacetonate, 0.8 g and 0.35 g respectively. They 
then dissolved in 10 ml of DMF as a solvent after heating to 75 ᴼC for 30 minutes. The 
electrospinning parameters were sited-up as 15 cm distance between needle tips and 
collector, the voltage was 22 kV, and 1.5 ml feeding rate. The collected samples 
stabilized at 150 ᴼC and then carbonized at various temperatures 700, 800, 900 and 1000 
ᴼC donated as Co-PAN-700, Co-PAN-800, Co-PAN-900 and Co-PAN-1000 respectively. 
The ORR activity was investigated for the four samples and compared with commercial 
Pt/C and PAN-800, without Co doping. Linear sweep voltammetry (LSV) in Figure 1.30, 
was carried out in alkaline media in presence of oxygen at scan rate of 10 mVs-1 and 
1600 rpm rotation rate. Figure 1.30 exhibits that Co-PAN-800 has the highest positive 
onset potential, the best limiting current density and more positive half-wave potential 
over the other samples. The ORR performance for the samples is listed in Table 1.3. 
Moreover, Co-PAN-800 catalyst showed high stability after 5000 CV cycles at 1600 rpm. 
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Figure  1.30. LSV for all Co-PAN-x samples with PAN-800 and Pt/C for comparison, in 
presence of oxygen, alkaline media, Shang et al. [226]. 
 
 
The author proposed the influence of nitrogen on the ORR activity as an active sites. 
However, the introduction of Co had an important effect in changing the N species from 
pyridinic-N to pyrrolic-N which decrease with the increasing of the high pyrolysis 
temperature (900 and 1000 ᴼC), and thus, reduce the ORR activity. Furthermore, the 
fabricated nanofibers with its high surface area and mesoporous structure had a positive 
effect in the ORR process. 
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Table  1.3. ORR activity of all Co-PAN-x samples with PAN-800 and Pt/C for comparison 
(vs. Hg/HgO ) , Shang et al. [226]   
Sample Onset potential 
(V) 
Limiting Current 
(mAcm-2 ) 
Half-wave 
potential (V) 
Co-PAN-700 -0.15 4.16 -0.221 
Co-PAN-800 -0.02 4.91 -0.092 
Co-PAN-900 -0.03 3.64 -0.094 
Co-PAN-1000 -0.08 3.65 -0.127 
PAN-800 -0.17 2.79 -0.242 
Pt/C 0.06 5.42 -0.092 
 
 
Furthermore, Wang et al. [139] studied how the source of dopant material used can 
influence the catalytic properties of produced doped carbon nanofibers for ORR. In the 
study, nitrogen from different sources including urea, melamine, polyaniline and aniline, 
were added to PAN solution dissolved in DMF for electrospinning to produce N-doped 
carbon nanofiber from the above nitrogen sources denominated as UNCNF, MNCNF, 
PNCNF, and ANCNF, respectively. The prepared samples stabilized at 250 ᴼC, and were 
then carbonized in NH3 atmosphere. The SEM images of the samples showed that the use 
of solid nitrogen source (i.e. melamine, urea, and polyaniline) produced nanofibers with 
larger average diameter compared with the use of a liquid source of nitrogen (i.e. aniline). 
This change of the diameter is due to the increased of the solution viscosity in case of 
using solid source of nitrogen, and thus increase the produced nanofiber diameter. 
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Among all the prepared samples, ANCNF carbonized at 1000 ᴼC with a 20:3 mass ratio 
of aniline/Pan, had the best electrocatalytic activity. The cyclic voltammetry curves 
(Figure 1.31), showed ORR peaks at -0.047 V and 0.426 V (vs. Hg/Hg2Cl2) in alkaline 
and acidic media respectively. 
 
 
 
Figure  1.31. Cyclic voltammetry curves of ANCNF carbonized at various temperatures 
in a) 0.1M KOH solution and b) 0.5M H2SO4, in presence of oxygen, Wang et al. [139]. 
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Recently, Guo et al. [230] fabricated a composite nanofiber consisting of PAN, melamine 
as a nitrogen source, and ferric chloride (PAN/ C3N6H6/FeCl3) dissolved in DMF via 
electrospinning technique. Then, a sulfur-doped source of polythiophene (PT) was 
applied on the surface of the fabricated fibers using a photopolymerization method to get 
PAN/ C3N6H6/FeCl3@PT core-shell nanofibers. consequently, a pyrolysis process takes 
place, starting with stabilization step in air at 280 ᴼC for 2 hours, subsequently 
carbonization step in nitrogen atmosphere at different temperatures (700, 800, 900 and 
1000 ᴼC) for 1 hour in order to get a core-shell nanofibers as Fe-S/N-C-x, which x is the 
carbonized temperature used. Figure 1.32 represent the fabrication process. 
 
 
Figure  1.32. The production procedure of Fe-S/N-C NFs, Guo et al. [230]. 
 
The energy-dispersive spectrometry (EDS) results confirmed the presence of Fe, S, and N 
with a content of 2.79, 2.45, and 10.22%, respectively within the final product. The 
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fabricated Fe-S/N-C-x was used as an ORR catalyst to investigate its performance and 
stability toward ORR electrocatalytic activity. The linear sweep voltammetry (LSV) 
analysis (Figure 1.33a) proved the excellence of Fe-S/N-C-800 among the other prepared 
samples, which had onset potential of -0.03 V and half-wave potential of -0.14 V. 
Moreover, the fabricated Fe-S/N-C-800 exhibited more stability (Figure 1.33b) even than 
the 20 wt. % Pt/C. The study proposed that the ORR catalytic performance is due to the 
influence of the S/N-codoped, the high degree graphitized and the connected structure of 
the electrospun nanofibers.  
 
 
 
Figure  1.33. Linear sweep voltammetry of (a) different catalysts, (b) Fe-S/N-C-800 at 
various rotating speeds, Guo et al.[230]. 
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In a similar work, Niu et al. [231] prepared Zn/Co@C-NCNFs composite using the 
electrospinning technique to produce nitrogen-doped CNFs based on PAN. The core 
layer was PAN and the shell layer was Zn/Co bimetal nanoparticles coated with graphitic 
carbon (Zn/Co@C). The product showed superior electrocatalytic activity towards ORR 
(Figure 1.34). 
 
 
 
Figure  1.34. Linear sweep voltammetry of (a) Zn/Co@C-NCNFs at different 
decomposition temperature; (b) different catalysts, Niu et al.[231]. 
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2 Chapter 2: Experimental Work 
 
2.1  Chemicals 
• Polyacrylonitrile (PAN), SIGMA-ALDRCIH, USA, average molecular weight ~ 
150,000. 
• N, N-Dimethylformamide (DMF), (Riedel-deHaen, Germany). 
• Sulfur Roll, (BDH, England, S= 32.06). 
• Poly(thiophene-2,5-diyl) (PTP), (Aldrich, USA). 
• Nafion 5%, SIGMA-ALDRICH, USA. 
• Isopropyl alcohol, ACS reagent, ≥ 99.7%, BDH, England. 
• Sodium Sulfate, SIGMA-ALDRICH, USA, Mw = 142.04. 
• Nickel Sulfate, SIGMA-ALDIRICH, USA, Mw = 280.86. 
• Copper Sulfate, SIGMA-ALDRICH, USA, Mw = 159.60. 
• Cobalt Sulfate, BDH, England, Mw = 280.10. 
• Potassium tetrachloro-platinate (II), SIGMA-ALDRICH, USA, average Mw ~ 
415.09 
• Nitrogen high purity, grade 99.999%, (Bozwaier local Liquid Company). 
• Oxygen high purity, grade 99.999%, (Bozwaier local Liquid Company). 
• Ethanol (Assay 96%, SIGMA- ALDRICH, USA) 
• Deionized water. 
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2.2 Preparation Method of the Polymer Solution: 
Prepare 30 ml of 10% polyacylonitrile solution, using DMF as the solvent with different 
percentage of different sulfur source (wt. % to wt. %) as given in the Table 2.1 below:  
 
 
Table  2.1. Chemicals used for the polymer solutions preparation  
PAN 
weight 
(gm) 
Sulfur source Sulfur 
weight 
(gm) 
Sulfur 
loading 
% 
DMF 
weight 
(gm) 
Abbreviation Abbreviation 
(After 
Carbonization) 
3.000 - 0 0 27 PAN-0%S CNF-0%S 
2.985 Pure sulfur 0.015 0.5 27 PAN-0.5%S CNF-0.5%S 
2.970 Pure sulfur 0.030 1 27 PAN-1%S CNF-1%S 
2.910 Pure sulfur 0.090 3 27 PAN-3%S CNF-3%S 
2.850 Pure sulfur 0.150 5 27 Failed to 
prepare 
- 
2.985 Polythiophene 0.015 0.5 27 PAN-
0.5%PTP 
CNF-0.5%PTP 
2.970 Polythiophene 0.030 1 27 PAN-1%PTP CNF-1%PTP 
2.910 Polythiophene 0.090 3 27 PAN-3%PTP CNF-3%PTP 
2.850 Polythiophene 0.150 5 27 PAN-5%PTP CNF-5%PTP 
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First, we dissolved the sulfur amount as shown in the table above in 27 g DMF as a 
solvent using a dry beaker at the room temperature, then we used bath sonication for 30 
minutes to dissolve and completely disperse the sulfur in the DMF solvent. After that, we 
added the amount of PAN as shown above in Table 2.1 to the solution slowly with 
continuous stirring. We left the solution on a hot plate at 60 ᴼC under vigorous stirring 
for 5 hours to completely dissolve and homogenize all the materials into the polymer 
solution to get uniform yellowish clear solution with the pure sulfur source and brown-
red color with the PTP as a sulfur source. The beaker was covered all the time with 
aluminum foil and parafilm during the preparation process to prevent the DMF from 
evaporating due to heating. The polymer solution will is ready to use and can be stored in 
clean dry small sealed bottle (Figure 2.1). Unfortunately, the preparation of PAN-5%S 
did not achieved. The sulfur was not able to dissolve if the sulfur concentration increases 
more than 3%. 
 
 
 
Figure  2.1. The prepared S-doped of PAN solutions with different sulfur sources. 
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2.3 Fabrication of the fibers using electrospinning technique 
The preparation of the nanofibers was achieved by electrospinning technique. Several 
parameters control the morphology and properties of the nanofiber produced by 
electrospinning technique such as the voltage used, the flow rate, the needle diameter and 
the collector rotation speed. It is important to setup suitable parameters to get beads free, 
continuous and fine diameter fibers. 
The viscosities of the prepared sulfur-doped polymer solutions were high, which as we 
noticed blocked the needle from time to time when setting up the flow rate to less than 
1.5 ml/h as the polymer solution not flow smoothly through the needle, and thus, the 
produced fiber was broken, not continuous, and full of beads as shown from the SEM 
image in Figure 2.2 below. Furthermore, the distance between the needle tip and the 
collector had an important effect on the fabricated fibers. The distance less than 20 cm 
leaded to produce fiber full of beads as shown in the Figure 2.3 below. Therefore, we set 
the parameters conditions as given in Table 2.2 below. 
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Figure  2.2. SEM image of PAN-0.5%S with flow rate of 1 ml/h. 
 
 
 
Figure  2.3. SEM image of PAN-0.5%S working distance of 15 cm. 
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Table  2.2 The parameters of the electrospinning process 
Parameter Condition 
Solution Flow Rate 1.5 ml/hour 
Voltage 15-kV 
Working Distance 20-cm 
Collector Drum Speed 230 rpm 
Needle Diameter Size 0.08 mm 
 
 
The procedure was as the follow: 
1- Setup the electrospinning conditions as mentioned in Table 2.2 above. 
2- Fill the syringe with the polymer solution and make sure to remove any air 
bubbles from the solution. 
3- Fix the syringe and set the flow rate. 
4- Adjust the distance and the rotating drum speed. 
5- Start. 
6- After a few minutes, we noticed the fiber start to form on the collector (Figure 
2.4). 
7- When all the polymer solution transferred to fiber, we switched off the 
electrospinning and remove the aluminum foil with the fiber from the collector (Figure 
2.5). 
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8- The prepared collected nanofibers dried under vacuum for 6 hours at 40Cᵒ to take 
off any possible moisture on the fabricated nanofiber mats. 
 
 
 
Figure  2.4. Fabrication of the fibers using electrospinning technique. 
 
 
 
 
Figure  2.5. The produced fibers collected on the aluminum foil. 
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2.4 Polymer Nanofiber Stabilization Step  
The prepared nanofibers was removed from the aluminum foil and then stabilized in air at 
200 ᴼC for 2 hours. The heating rate was 5 ᴼC/min.[81] 
 
2.5 Polymer Nanofiber Carbonization Step 
After the stabilization step, the carbonization step took place in order to transfer the 
nanofibers to CNFs through a pyrolysis step at 800 ᴼC for 5 hours and heating rate of 5 
ᴼC/min under a high purity nitrogen atmosphere (99.999%) [81] using a ceramic tube 
furnace (Figure 2.6). 
 
 
 
Figure  2.6. Ceramic tube furnace. 
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The nanofiber sample was put in ceramic crucible and was then placed inside the tube 
furnace and closed at both ends. The left side of the tube was connected to a nitrogen gas 
cylinder and the other side outlet in water to monitor the bubbles of the nitrogen flow 
during the process. The tube was purged of oxygen by applying the nitrogen to flow 
through it for 30 minutes. After heating for 5 hours, the prepared CNFs are allowed to 
cool and then collected in clean dry bottle (Figure 2.7). 
 
 
 
Figure  2.7 The carbonization process. 
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2.6 Preparation of electrode for electrochemical test 
2.6.1 Preparation of CNFs ink solution 
CNF-3% S and CNF-5%-PTP inks were prepared using 1% Nafion and isopropanol as a 
solvent. The 1% of Nafion was prepared by dilution of the 5% Nafion with isopropanol, 
then 1 mg of CNFs was dispersed in 1 mL of the 1% Nafion and sonicated the solution 
for 2 h. 
 
2.6.2 Electrode preparation 
First, casting a 5 μL of the ink dispersion onto the RDE GC and allowing the ink to dry 
for 2 hours. To assure the surface wettability, the same electrolyte was used to flush the 
surface of the electrode before immersion it into the electrolytic cell. Second, applying of 
a one-step potentiostatic deposition of the metals ions (Cu2+, Co2+, Ni2+) from 1 mM 
sulphate salt of each ion dissolving in 0.1 M sodium sulphate (Na2SO4) on the working 
electrode (i.e. CNFs/GC-RDE) at potential of -1 V for 600, 1200, 1800, and 2400 
seconds of deposition time. Similarly, Pt was deposited from 1 mM of PtK2Cl4 as Pt 
source, then applying a constant electrolysis potential of -1 V for 600, 1200, 1800, and 
2400 seconds. The third step is the passivation of the metallic deposit in 1 M NaOH by 
cycling the potential between 0.2 V and 0.55 V for 15 successive cycles at a scan rate of 
100 mVs-1[112]. Figure 2.8 summarize the electrode preparation steps. 
 
2.6.3 Electrochemical measurements 
The Electrochemical behavior of the ORR is tested in a 1 M NaOH aqueous solution. The 
test takes place using a working rotating electrode (RDE), which was prepared by 
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mechanical polishing for its surface using aqueous slurries of finer alumina powder 
(down to 0.06 μm) following by well rinse with deionized water. The applied reference 
electrode was Ag/AgCl electrode (3 M KCl) and the counter electrode was a platinum 
wire. 
The cyclic voltammetry and linear sweep curves were acquired at 50 mV s-1 from 0 to -
1.0 V (vs Ag/AgCl) at 1600 rpm electrode rotation in N2 saturated 1 M NaOH then 
repeating the same experiments in O2 saturated 1 M NaOH.  
The EIS analysis were performed under an open circuit potential (OCP) condition within 
a frequency range of 0.1 Hz to 100 kHz with an AC amplitude of 10 mV.  
 
 
 
Figure  2.8. Electrode preparation steps. 
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2.7 SAMPLES CHARACTERIZATION 
Many advanced characterization techniques were used. Herein, a number of those 
techniques used for this thesis work are described. 
 
2.7.1 Scanning electron microscopy (SEM) 
The morphological characterization and the fiber diameter of the prepared nanofibers 
were explored by scanning electron microscopy (SEM), model: NOVA NANOSEM 450, 
FEI instrument, (Figure 2.9) which engaged with Energy dispersive X-ray (EDX). A 
Powder sample of the fabricated nanofibers and carbon nanofibers were used direct 
without need to any additional preparation after sputter coating with Gold.  
 
 
 
Figure  2.9. The scanning electron microscopy (SEM), model: NOVA NANOSEM 450. 
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A powerful of electrons is used to illuminate the sample to attain an ultra-high resolution 
imaging of the sample’s morphology based on the secondary or back-scattered electrons 
collected by the detector after scanning. The instrument can operate at high or low-
vacuum modes. The instrument is available in the Central laboratory Unit, Qatar 
University. 
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2.7.2 X-ray photoelectron spectroscopy (XPS) analysis 
X-ray photoelectron spectroscopy Model: AXIS Ultra DLD, Kratos (Figure 2.10), was 
used to investigate the elemental composition as one of the most effective spectroscopy 
technique that quantitatively inspect the elemental composition of a material and their 
oxidation states. An X-ray photon is focused at the sample which cause emission of 
electrons from one of the atom’s core shells according to the photoelectric effect with 
specific kinetic energies reflecting their binding energies measured by the instrument and 
used to detect the elements that are existing in the sample. Full survey has been done at 
160 eV passing energy based on use of monochromatic X-ray Source Al Kα source, also 
high resolution at 20 or 40 eV passing energy. The X-ray Power was: 15 kv, 20 mA.  
 
 
 
Figure  2.10. X-ray photoelectron spectroscopy, Model: AXIS Ultra DLD, Kratos 
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2.7.3 X-ray Diffraction analysis 
The crystallographic structure investigation was achieved by X-ray Diffraction (XRD) 
diffractometer, Model: PANalytical, Brand: EMPYREAN, with a Cu Kα (λ= 1.5406 Å) 
radiation source, operated at 45 kV and 40mA in a 2ϴ range from 0 to 100 with a 2ϴ step 
size of 2ᴼ min-1. The X-ray beams are emitted from the radiation source and focused on 
the sample which interact with the atoms of the materials causing and emission of high 
energy photons that knows as x-rays. The output of the XRD Scan is a spectrum with 2ϴ 
on the x-axis and intensity on the y-axis, where ϴ is the angle of incident X-rays on the 
sample. Diffraction pattern of the crystal structure based on the diffraction of the X-ray 
and the interlayer spacing of the atomic planes in the crystalline and polycrystalline 
materials is obtained. The instrument is available in Center of Advanced Materials, Qatar 
University (Figure 2.11). 
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Figure  2.11. X-ray Diffraction (XRD) diffractometer, Model: PANalytical, Brand: 
EMPYREAN 
 
 
2.7.4  Thermal Analysis 
Thermal Gravimetric Analysis (TGA) is an effective technique to characterize the 
thermal stability of polymers and fibers. In the TGA analysis, the sample is heating to a 
certain temperature and determine the change of its weight versus time. The results can 
give useful information about the rate of degradation the practical temperature range 
without degradation for the material. The analysis was carried out using PerkinElmer 
TGA 4000 instrument at 25–1000 ᴼC with a heating rate of 5 ᴼC/min under nitrogen. The 
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instrument is located in Center of Advanced Materials, Qatar University (Figure 2.12). 
 
 
 
Figure  2.12. PerkinElmer TGA 4000 instrument. 
 
 
2.7.5 Fourier Transmittance Infrared (FTIR) Analysis 
FTIR spectroscopy is a technique for qualitative analysis. The IR radiation is generally 
limited to the range of 4000-400 cm-1 where most application happen in this range. In 
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FTIR, the sample molecule absorb the IR radiation and convert it to energy molecular 
vibration. The frequency of absorption spectra obtained from the FTIR instrument can 
give useful information about structure and functional groups of the sample. FTIR 
instrument by PerkinElmer Frontier located at the Center of Advanced Materials, Qatar 
University (Figure 2.13), was used for the FTIR analysis in this thesis. 
 
 
Figure  2.13. FTIR, Model: PerkinElmer Frontier. 
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2.7.6 Electrochemical analysis 
The electrochemical measurements were done using a Reference 3000 GAMRY 
potentiostat (Warminster, USA), a single compartment glass cell, a reference electrode of 
Ag/AgCl electrode (GAMRY), platinum wire as counter electrode, and a glassy carbon 
electrode (GCE) (0.2 cm2 area) as working electrode. Figure 2.14, shows the potentiostat 
instrument. 
 
 
 
Figure  2.14. Potentiostat instrument, Model: GAMRY “Reference 3000”. 
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3 Chapter 3: Results and Discussion 
 
 
3.1 Morphological Analysis Results 
3.1.1 Scanning Electron Microscopy (SEM) Results 
Scanning electron microscopy (SEM) was utilized to investigate the morphological 
characterization and the fiber size of the successfully prepared nanofibers. Figure 3.1 and 
Figure 3.2 below shown the SEM images of pristine PAN nanofibers, Figure 3.3 to 
Figure 3.8 display the PAN nanofibers doped with powder sulfur source, and PAN 
nanofibers doped with polythiothene (PTP) as a sulfur source are shown in Figure 3.9 to 
Figure 3.16. 
As observed from images, the prepared nanofibers are randomly oriented with smooth 
and uniform surface, bead free and interlinked in some points to form a network 
structure. The average diameter of 423 nm- 661 nm, 1924 nm- 898.4 nm, and 436.6 nm -
826.9 nm for pristine PAN, PAN doped with powder sulfur, and PAN doped with 
polythiophene (PTP), respectively. 
Figures 3.17 and Figure 3.18 below show the carbonized fibers of pristine PAN 
nanofibers, Figures 3.19 to Figure 3.24 are for carbonized PAN nanofibers doped with 
powder sulfur, and carbonized PAN nanofibers doped with polythiophene (PTP) are 
show in Figure 3.25 to Figure 3.30. The images of the CNFs preserved continuous 
nanofibers morphology and a network structure.  
Moreover, it is noticed that the average diameters of the fibers decreased to 349.7 nm- 
408.2 nm, 391.5 nm- 1010 nm, and 320.9 nm- 457.3 nm for pristine PAN CNFs, PAN 
CNFs doped with powder sulfur, and PAN CNFs doped with polythiophene (PTP), 
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respectively. This decrease in diameter is expected as a result of the shrinkage during the 
pyrolysis process caused by elimination of nitrogen and hydrogen as (HCN) and NH3 
gases [217] [227]. It is observed that larger diameter size of nanofibers resulted when 
using powder sulfur source than in case of using polytiophene as a sulfur source. This is 
possibly due to the higher dispersion and homogenous polymer solution when using 
polytiophene with PAN than using sulfur powder. However, Wang et al. [139] reported 
how the source of dopant material used for doping can affect the produced fibers 
diameter size and properties. 
 
 
 
Figure  3.1. SEM of PAN-0%S fibers. 
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Figure  3.2. SEM of PAN-0%S fibers. 
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Figure  3.3. SEM of PAN-0.5% S fibers. 
 
 
 
Figure  3.4. SEM of PAN-0.5% S fibers. 
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Figure  3.5. SEM of PAN-1% S fibers. 
 
 
 
Figure  3.6. SEM of PAN-1% S fibers. 
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Figure  3.7. SEM of PAN-3% S fibers. 
 
 
 
Figure  3.8. SEM of PAN-3% S fibers. 
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Figure  3.9. SEM of PAN-0.5% PTP fibers. 
 
 
 
Figure  3.10. SEM of PAN-0.5% PTP fibers. 
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Figure  3.11. SEM of PAN-1% PTP fibers. 
 
 
 
Figure  3.12. SEM of PAN-1% PTP fibers. 
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Figure  3.13. SEM of PAN-3% PTP fibers. 
 
 
 
Figure  3.14. SEM of PAN-3% PTP fibers. 
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Figure  3.15. SEM of PAN-5% PTP fibers. 
 
 
 
Figure  3.16. SEM of PAN-5% PTP fibers 
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Figure  3.17. SEM of CNF-0% S. 
 
 
 
Figure  3.18. SEM of CNF-0% S. 
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Figure  3.19. SEM of CNF-0.5% S. 
 
 
 
Figure  3.20. SEM of CNF-0.5% S. 
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Figure  3.21. SEM of CNF-1% S. 
 
 
 
Figure  3.22. SEM of CNF-1% S. 
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Figure  3.23. SEM of CNF-3% S. 
 
 
 
Figure  3.24. SEM of CNF-3% S. 
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Figure  3.25. SEM of CNF-1% PTP. 
 
 
 
Figure  3.26. SEM of CNF-1% PTP. 
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Figure  3.27. SEM of CNF-3% PTP. 
 
 
 
Figure  3.28. SEM of CNF-3% PTP. 
 
 
  
   
103 
 
 
Figure  3.29. SEM of CNF-5% PTP. 
 
 
 
Figure  3.30. SEM of CNF-5% PTP. 
 
  
  
   
104 
 
3.1.2 Energy Dispersive X-ray (EDX) Analysis and Elements Mapping Results: 
Energy dispersive X-ray (EDX) analysis was utilized to approve the existence of carbon, 
nitrogen, oxygen, and sulfur on the prepared nanofibers and estimate their percentage. 
Moreover, elements mapping was used to inspect the distribution of elements within the 
produced nanofibers. The results Figure 3.31 to Figure 3.38 confirmed the presents of 
carbon, nitrogen, oxygen and sulfur in the produced nanofibers with different percentage. 
The Figures 3.49 and Figure 3.48 confirmed the presents of carbon, nitrogen, oxygen and 
sulfur with less amounts in the carbonized nanofibers with different percentage for the 
samples CNF-3%S and CNF-5%PTP, respectively. The elemental mapping images 
(Figure 3.39 to Figure 3.46) observed a random distribution of the elements within the 
nanofibers and within the CNFs (Figure 3.49 to Figure 3.55). Tables 3.1 and 3.2, 
represent the different percentage of each element within the nanofibers and CNFs, 
respectively. From the tables, we notice the decrease in the nitrogen and sulfur amounts 
during the pyrolysis process as expected. In contrast, the results show the increase in the 
carbon content which confirm the success of converting the nanofibers to carbon 
nanofibers during the pyrolysis process. However, the samples CNF-3%S and CNF-
5%PTP represent the highest sulfur content from each sulfur source of 1.05 wt. % and 
0.77 wt. % respectively (Table 3.2). Thus, those two samples had been selected to 
continue the rest of the work and investigation in this thesis. 
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Figure  3.31. EDX elemental analysis graph of PAN. 
 
 
 
Figure  3.32. EDX elemental analysis graph of PAN-0.5%S. 
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Figure  3.33. EDX elemental analysis graph of PAN-1%S. 
 
 
 
Figure  3.34. EDX elemental analysis graph of PAN-3%S. 
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Figure  3.35. EDX elemental analysis graph of PAN-0.5%PTP. 
 
 
 
Figure  3.36. EDX elemental analysis graph of PAN-1%PTP. 
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Figure  3.37. EDX elemental analysis graph of PAN-3%PTP. 
 
 
 
Figure  3.38. EDX elemental analysis graph of PAN-5%PTP. 
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Figure  3.39. Elements mapping of PAN nanofibers -0%S. 
 
 
 
Figure  3.40. Elements mapping of PAN nanofiber-0.5%S. 
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Figure  3.41. Elements mapping of PAN nanofiber-1%S. 
 
 
 
Figure  3.42. Elements mapping of PAN nanofiber-3%S. 
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Figure  3.43. Elements mapping of PAN nanofiber-0.5%PTP. 
 
 
 
Figure  3.44. Elements mapping of PAN nanofiber-1%PTP. 
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Figure  3.45. Elements mapping of PAN nanofiber-3%PTP. 
 
 
 
Figure  3.46. Elements mapping of PAN nanofiber-5%PTP. 
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Table  3.1. EDX results of PAN Sulfur-doped Nanofibers samples 
Sample C N O S 
wt.% at.% wt.% at.% wt.% at.% wt.% at.% 
PAN 73.02 76.33 22.13 20.00 4.67 3.66 0 0 
PAN-0.5%S 71.39 75.08 23.70 21.37 4.08 3.22 0.83 0.33 
PAN-1%S 71.50 75.43 22.44 20.30 4.71 3.73 1.34 0.53 
PAN-3%S 73.94 77.49 21.27 19.11 3.84 3.02 0.95 0.37 
PAN-0.5%PTP 71.79 75.55 22.67 20.67 4.56 3.60 0.98 0.39 
PAN-1%PTP 73.27 76.92 21.52 19.37 4.19 3.31 1.02 0.40 
PAN-3%PTP 72.32 76.45 21.17 19.19 4.49 3.56 2.03 0.8 
PAN-5%PTP 73.83 78.16 18.86 17.12 4.57 3.64 2.73 1.08 
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Figure  3.47. EDX elemental analysis graph of CNF-3%S. 
 
 
 
Figure  3.48. EDX elemental analysis graph of CNF-5%PTP. 
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Figure  3.49. Elements mapping CNF-0.5%S. 
 
 
 
Figure  3.50. Elements mapping CNF -1%S. 
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Figure  3.51. Elements mapping CNF -3%S. 
 
 
 
Figure  3.52. Elements mapping CNF -0.5%PTP. 
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Figure  3.53. Elements mapping CNF -1%PTP. 
 
 
 
Figure  3.54. Elements mapping CNF -3%PTP. 
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Figure  3.55. Elements mapping CNF -5%PTP. 
 
 
Table  3.2. EDX results of CNFs samples 
Sample C N O S 
wt.% at.% wt.% at.% wt.% at.% wt.% at.% 
CNF-0%S 83.70 85.70 13.30 11.71 2.98 2.30 0 0 
CNF-0.5%S 81.25 83.95 13.79 12.22 4.92 3.82 0.03 0.01 
CNF-1%S 82.97 85.97 12.17 10.76 4.74 3.67 0.12 0.05 
CNF-3%S 79.28 82.53 15.19 13.56 4.49 3.51 1.05 0.41 
CNF-0.5%PTP 82.08 84.54 15.21 13.44 2.54 1.96 0.17 0.06 
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CNF-1%PTP 85.88 88.01 11.70 10.28 2.02 1.56 0.40 0.16 
CNF-3%PTP 85.12 87.36 11.23 9.89 3.49 2.69 0.16 0.06 
CNF-5%PTP 83.66 86.25 12.80 11.31 2.77 2.15 0.77 0.30 
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3.2 X-ray Photoelectron Spectroscopy (XPS) analysis Results 
3.2.1 XPS of the S-doped CNFs 
X-ray Photoelectron Spectroscopy (XPS) analysis was performed to further investigate 
the chemical composition of the CNF-3%S and CNF-5%PTP. The XPS peak analysis 
data and quantification of CNF3%S-doped and CNF5%PTT samples are listed in Table 
3.3 and Table 3.4, respectively. The broad scan of both samples presented the peaks 
related to C, S, N, and O. These results agree with the previous EDX analysis. Figures 
3.56 and 3.58 shows the high-resolution C 1s XPS peaks of CNF-3%S-doped and CNF-
5%PTP samples, respectively. In the XPS spectra for both samples, the major peak at 
284.9 eV corresponds to the C=C graphene sp2carbon. The peak at 286.8 eV assigned to 
carbon atoms bond the sulfur and/or oxygen (i.e. C-O and/or C-S), on the surface. 
Moreover, the minor peak at 289.3 eV relates to O-C-O sp2 carbon structures 
[155][225][150]. On the other hand, the S 2p XPS spectra for CNF-3%S and CNF-
5%PTP are shown in Figures 3.57 and 3.59, respectively. In both, a major peak was 
observed at 163.8 eV assigned to –C-S-C-, which suggest the existence of thiophenic 
sulfur dopant. The other peak at 165.9 eV corresponds to conjugated –C=S-C- [160] 
[232] [233] [155]. However, the existence of thiophenic sulfur species indicate that the 
sulfur are mainly doped at the edges or on the surface of graphene [234]. The –C-S-C- 
probably work as ORR catalytic site which has a significant influence on the ORR 
performance [233] [235]. Furthermore, the minor peak centered at 168.5 eV in Figure 
3.57 of CNF-3%S sample is assigned to –C-SOx-C- type. This sulfate species most 
probably formed by the oxidation of elemental sulfur during the preparation process 
[148] [155] [225]. 
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Table  3.3. Results of the XPS peaks for CNF-3%S-doped sample 
Peak Position 
Binding energy (ev) 
Atomic % Mass % 
C 1s 284.6 86.48 82.49 
S 2p 163.6 1.22 3.12 
N 1s 399.6 7.77 8.64 
O 1s 531.6 4.52 5.75 
 
 
Table  3.4. Results of the XPS peaks for CNF-5%PTP-doped sample 
Peak Position 
Binding energy (ev) 
Atomic % Mass % 
C 1s 284.6 86.66 83.73 
S 2p 163.6 0.28 0.73 
N 1s 399.6 7.90 8.90 
O 1s 531.6 5.16 6.65 
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Figure  3.56. High-resolution XPS C 1s spectra of CNF-3%S-doped sample. 
 
 
 
Figure  3.57. High-resolution XPS S 2p spectra of CNF-3%S-doped sample. 
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Figure  3.58. High-resolution XPS C 1s spectra of CNF-5%PTP-doped sample. 
 
 
 
Figure  3.59. High-resolution XPS S 2p spectra of CNF-5%PTP-doped sample. 
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3.2.2 Electrode characterization  
X-ray photoelectron spectroscopy was measured to inspect the alloy composition. Figure 
3.60 represents the wide scan XPS spectrum of the Pt-Ni-Co-CuCNF-5%PTP/GC-RDE 
The characteristic peaks of C 1s at 281.6 eV, O 1s at 528.6 eV, N 1S at 401.6 eV, S 2p at 
166.6 eV, Pt 4f at 71.6 eV, Ni 2p at 858.6 eV, Co 2p at 781.6 eV, and Cu 2p at 929.6 eV, 
confirm evidence the successfully deposition of the metals on the CNF-5%PTP surface. 
The XPS peak analysis data and quantification of Pt-Ni-Co-Cu@CNF-5%PTP/GC-RDE 
are shown in Table 3.5.  
 
 
 
Figure  3.60. Wide scan XPS spectrum of the Pt-Ni-Co-Cu@CNF-5%PTP/GC-RDE. 
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Table  3.5. XPS peak analysis and quantification of Pt-Ni-Co-Cu@CNF-5%PTP/GC-RDE 
Peak Position 
Binding energy (eV) 
Atomic % Mass % 
Pt 4f 71.6 0.15 2.14 
Ni 2p 858.6 0.79 3.32 
Co 2p 781.6 0.15 0.64 
Cu 2p 929.6 0.15 0.69 
N 1s 401.6 0.17 0.17 
S 2p 166.6 2.58 5.89 
C 1s 281.6 77.79 66.44 
O 1s 528.6 18.20 20.71 
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3.3 Structural Analysis Results 
3.3.1 FTIR analysis Results 
Figure 3.61 and Figure 3.62 displays the FTIR spectra of pristine polythiophene (PTP) 
and pristine polyacrylonitrile (PAN), respectively. Table 3.6 and Table 3.7 list the 
assignment group of each peak for the pristine PTP and pristine PAN, respectively. For 
the PTP, the most distinctive peaks were detected in the low wavenumber region of 600-
1500 cm-1. The peaks at 689 cm-1 and  788 cm-1 correspond to C-S-C ring deformation 
and stretching C-S respectively [236] [237] [238]. The sharp peaks at 830 cm-1 and 1067 
cm-1 are attributed to the C-H out of plane and C-H in plane respectively [236] 
[237][239]. Moreover, the peaks of 1439 cm-1 and 1492 cm-1 are corresponding to 
symmetric C=C and asymmetric C=C stretching, respectively [237][239]. The last peak is 
relatively weak observed at 3063cm-1, corresponding to C-H aromatic stretching 
[239][240][241][237]. Furthermore, Figure 3.62 displays the FTIR spectra of pristine 
polyacrylonitrile (PAN). The C≡N stretching of acrylonitrile unit in the polymer chain is 
observed at 2241 cm-1. The other peaks appeared at 1358, 1450, 1628, 2941 cm-1 are 
corresponding to C-H bending, CH2 stretching, C=C stretching and C-H stretching, 
respectively [190] [219] [199]. In contrast, the FTIR spectra of prepared PAN-0%S 
nanofibers (Figure 3.63) showed the same peaks of that of the pristine PAN, expect the 
appearance of another peak at 1690 cm-1 which corresponds to C=O formed in the 
hydrolyzed PAN nanofibers and the stretching vibration of the C=O bonds in remaining 
solvent DMF [242][199] and/or existence of oxygen on the fiber surface[239]. A broad 
peak at 3548 cm-1 also appeared, which assigned to O-H of the absorbed water on the 
fiber surface [242][237]. However, spectrum of the prepared S-doped of PAN nanofibers 
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in Figure 3.64, also show the same peaks of PAN nanofibers and both pristine PTP and 
PAN nanofibers for PAN-3%S and PAN-5%PTP, respectively. Moreover, a new weak 
peak appear at 875 cm-1 for the PAN-3%S nanofibers, which may be contributed for C-S 
stretch as a result of the doped sulfur [238]. Table 3.8 and 3.9 summarize the assignmet 
group of each peak for the PAN nanofibers befor and after doped with sulfur, 
respectively. 
 
 
 
Figure  3.61. FTIR spectra of pristine polythiophene (PTP). 
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Table  3.6. FTIR peaks for the pristine PTP and the assignment group of each peak  
Wavenumber 
(cm-1) 
Assignment 
689 C-S-C ring deformation 
788 C-S stretching 
830 C-H out of plane 
1067 C-H in plane 
1439 symmetric C=C 
1492 asymmetric C=C stretching 
3063 C-H aromatic stretching 
 
 
 
Figure  3.62. FTIR spectra of pristine polyacrylonitrile (PAN). 
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Table  3.7. FTIR peaks for the pristine PAN and the assignment group of each peak 
Wavenumber 
(cm-1) 
Assignment 
1358 C-H bending 
1450 CH2 stretching 
1628 C=C stretching 
2241 C≡N stretching 
2941 C-H stretching 
 
 
 
Figure  3.63. FTIR spectra of prepared PAN-0%S nanofibers. 
  
   
130 
 
 
 
Table  3.8. FTIR peaks for the PAN-0%S and the assignment group of each peak 
Wave-number 
(cm-1) 
Assignment 
1358 C-H bending 
1450 CH2 stretching 
1628 C=C stretching 
1690 C=O stretching 
2241 C≡N stretching 
2941 C-H stretching 
3548 O-H stretching 
 
 
 
Figure  3.64. FTIR spectra of prepared PAN-3%S and PAN-5%PTP nanofibers. 
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Table  3.9. FTIR peaks for the PAN-sulfur doped nanofibers and the assignment group of 
each peak 
Wave-number 
(cm-1) 
Assignment 
875 C-S stretch 
1358 C-H bending 
1450 CH2 stretching 
1628 C=C stretching 
1690 C=O stretching 
2241 C≡N stretching 
2941 C-H stretching 
3548 O-H stretching 
 
 
  
  
   
132 
 
3.3.2 X-ray Diffraction Analysis (XRD) Results 
The XRD for elemental sulfur and powder PAN are presented in Figure 3.64. The pattern 
of the powder PAN show a major strong diffraction peak at 2ϴ angel of 16.8ᴼ 
representing the X-ray reflection of (100) plane and a wide weak diffraction peak at 2ϴ 
angel of 28.8ᴼ corresponding the X-ray reflections of (110) plane in PAN [243]. The 
interlayer spacing for the (100) plane d100 calculated was about 5.27 Å using Bragg’s law: 
 
nλ= 2dsinϴ  Equation 20 
 
d: interlayer spacing in angstroms. 
λ: wavelength in angstroms (1.54 Å for copper) 
ϴ: the diffraction angel in degree. 
n:  the order of the diffraction.( n=1 for the first order) 
 
The XRD patterns of CNF-0%S, CNF-3%S, and CNF-5%PTP are displayed in Figure 
3.65. The XRD spectrum obviously shows the disappearance of the PAN signature peak, 
which proposes the complete destruction of the PAN crystal structure [244][245][238]. In 
contrast, a new broad diffraction peak appeared at 2ϴ angel of 24.9ᴼ corresponding to the 
(002) plane of the graphitic carbon [134][245][238][190], and a broader weaker peak at 
2ϴ angel of 43.5ᴼ corresponding to the (101) plane of graphitic carbon structure [190] for 
the three CNF samples. The interlayer spacing for the (002) plane d002 calculated by 
applying the Bragg’s equation (Equation 20) was about 3.57 Å, which is close to that of 
graphite [134]. The broad peaks of the produced CNF samples reveals an amorphous 
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phase is obtained after the carbonization process [244][246][238]. However, the 
amorphous highly graphitized  CNFs can work as a pathway for the charge carrier, and 
thus enhance the electric conductivity, which is beneficial for the ORR [134]. On the 
other hand, the absence of the signature peaks of elemental sulfur indicates the 
embedding of sulfur into the heterocyclic structure of dehydrogenated polyacrylonitrile 
[247][248][246][238]. 
 
 
 
Figure  3.65. The XRD for elemental sulfur and powder PAN. 
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Figure  3.66. The XRD patterns of CNF-0%S, CNF-3%S, and CNF-5%PTP. 
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3.4 Thermogravimetric Analysis (TGA) Results 
It is important to understand the thermal behavior of electrospun PAN before converting 
the nanofibers to carbon nanofibers and to know the suitable temperature for the 
nanofiber, which can withstand during the carbonization process. Therefore, thermal 
properties and weight loss of nanofibers were studied by Thermogravimetric analysis 
(TGA) in nitrogen atmosphere. Figure 3.66 shows the TGA curves for the prepared 
nanofibers PAN-0%-S, PAN-3%S, and PAN-5%PTP nanofibers. The TGA graph 
displays four different weight loss regions. The initial weight loss step between 25-297 
ᴼC with a little weight loss of only about 3% for the PAN-0%S and PAN-3%S samples, 
while the weight loss of the PAN-5%PTP was just over 8%. This negligible weight loss 
may be due to evaporation of the absorbed water and moisture from the samples [249]. 
The higher weight loss in the PAN-5%PTP can be explained as it consists of rich 
polymer of PAN and PTP, and thus more easily degrades [250]. The second step is a 
small temperature range between 297-330 ᴼC. Although  the temperature change is so 
small the nanofibers exhibited rapid weight loss of about 25% at this stage, due to the 
thermal decomposition of PAN chains and chemical reactions taking place with volatiles 
being evolved [251]. After that, the nanofiber samples displayed stable behavior in the 
third region between 330-550 ᴼC with only a further 10% weight loss. The weight loss 
was due to the elimination of gaseous compounds and evacuation of water from the 
cyclization condensation reaction of the adjacent ladder structures [245][219] It was 
noticed that the PAN-5%PTP sample also had a further weight loss of about 5% more 
relative to the other two samples, this could be due to the fact it consists of more sulfur 
which melt at this temperature range [247][244]. The last region was from 550 ᴼC 
  
   
136 
 
through to the maximum decomposing temperature of 950 ᴼC. At 800 ᴼC, the nanofiber 
samples lost almost 75% of their total weight as a side gas evolved and resulted in the 
release of HCN and NH3, in addition to water and N2 [219]. It is noticed that the S-doped 
samples showed less weight loss at 800 ᴼC with 25% residues of the nanofiber weight 
comparing with the 0%S-doped sample, which had 19% residues of the nanofiber weight. 
This evidenced that the interaction between sulfur and PAN produces a more stable 
structure of nanofibers [244]. On the other hand, the TGA result for the carbonized CNF 
of the three samples in Figure 3.67 represent a stable structure of the CNFs. Even at very 
high temperature of 900 ᴼC, the CNF samples had more than 60% residues of the weight 
[238].  
 
 
 
Figure  3.67. The TGA curves for the prepared nanofibers PAN-0%-S, PAN-3%S, and 
PAN-5%PTP. 
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Figure  3.68. The TGA curves for the CNF-0%-S, CNF-3%S, and CNF-5%PTP. 
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3.5 Electrochemical Measurements Results 
3.5.1 The Cyclic Voltammetry (CV):  
Figure 3.69 displays the effect of scan rate on the cyclic voltammogramsof the Ni-Co-
Cu@CNF-5%PTP/GCE electrode in 1 M NaOH solution saturated with (A) nitrogen and 
(B) oxygen. It is worthy to mention that the Ni-Co-Cu alloy was deposited 
potentiostatically for 30 minutes at different scan rates. It can be noticed that the higher 
the scan rate is, the higher the measured peak currents are. Figure 3.70 displays the 
relation of both cathodic and anodic peak currents with the scan rate. The relation is 
found to be linear which confirms that the peaks are due to a surface redox reaction 
[112]. 
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Figure  3.69. CVs for glassy carbon in 1 M NaOH solution of sulfur doped carbon fiber 
(PAN-5%PTPCNF) with 30 minutes electrodeposited of Ni-Co-Cu at different scan rate, 
in A) Nitrogen and B) Oxygen. 
 
 
 
Figure  3.70. Anodic and cathodic peak current densities versus scan rate in  1M NaOH 
solution saturated with oxygen (red) and nitrogen (black). 
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3.5.2 Linear Sweep Voltammogram (LSV): 
Linear sweep voltammograms (LSVs) of glassy carbon electrode (RDE) in 1 M NaOH 
saturated with oxygen to compare the ORR activity for both CNF-3%S and CNF-5%PTP, 
with and without electrodeposited Ni-Co-Cu at different deposition time were measured. 
In terms of onset potential and half- wave potential, LSV results exhibit that the activity 
and current density of the catalyst increase with the increase of the deposition time for 
both samples. The potentials of the Ag/AgCl reference electrode were adjusted to the 
reversible hydrogen electrode (RHE) by applying the equation: 
 
E(RHE)= EAg/AgCl + 0.198+ 0.059pH    Equation 21 
 
In the catalysts based on CNF-3%S (Figure 3.71A), the highest onset potential was 0.73 
V (vs RHE) at 30 minutes of deposition and half-wave potential of 0.66 V. In the 
catalysts based on CNF-5%PTP (Figure 3.71B). The onset potential and half-wave 
potential were of 0.76 V and 0.67 V respectively, showing that the ORR activity of CNF-
5%PTP is higher than that of the CNF-3%S. 
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Figure  3.71. Linear sweep voltammograms (LSV) in O2 saturated 1 M NaOH solution for 
A) CNF-3%S and B) CNF-5%PTP, with electrodeposited Ni-Co-Cu at different 
deposition times @1600RPM. 
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In order to enhance the electrocatalytic activity, a 1mM of PtK2Cl4 was added to the 
1mM of the metals electrodeposition solution. LSVs were used to compare the kinetics of 
ORR in oxygen-saturated 1M NaOH solution at room temperature for the different 
electrodes at (A) 1600 and for the Pt-Ni-Co-Cu@CNF-5%PTP/GCE (B) at 1600, 1800, 
2500, 3000 and 3500 rpm. As can be seen in Figure 3.72A, Ni-Co-Cu@CNF-
5%PTP/GCE shows higher electrocatalytic activity toward ORR with a more positive 
onset potential than Ni-Cu-Co@CNF-3%S/GCE [252]. Moreover, the addition of Pt to 
the alloy enhances the kinetics of the ORR as the onset potential (Eonset), was shifted to 
more noble direction and the measured current is higher at any potential. The half-wave 
potentials (E1/2 ) of the Pt-Ni-Co-Cu@CNF-5%PTP/GCE is shifted in the more noble 
direction. Pt-Ni-Co-Cu@CNF-5%PTP/GCE shows an onset potential (Eonset) of 0.91 V 
vs. RHE, and a half-wave potential (E1/2) of 0.84 V vs. RHE, which are almost identical 
to that of 20 wt.% Pt/C under alkaline conditions [252]. Table 3.10 below summarized 
the ORR activity performance for the different catalysts. 
 
Table  3.10. Onset potentials (Eonset), half-wave potentials (E1/2), and limiting current 
densities (LCD) at 0.2 V for different catalysts at 1600 rpm in an alkaline media. 
Catalyst Eonset (V) E1/2 (V) LCD (mA cm-2) 
Glassy carbon electrode RDE(blank) 0.64 0.52 1.3 
Ni-Co-Cu@CNF-3%S/GCE 0.77 0.64 2.2 
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Ni-Co-Cu@CNF-5%PTP/GCE 0.78 0.67 2.3 
Pt-Ni-Co-Cu@CNF-5%PTP/GCE 0.91 0.84 4.1 
 
 
The durability of the Pt-Ni-Co-Cu@CNF-5%PTP/GCE catalyst investigated by ORR 
polarization curves for diferent rotation speeds using the 30 minutes - electrodeposited 
Pt-Ni-Co-Cu in O2-saturated 1 M NaOH electrolyte (Figure 3.72B). The catalyst showed 
good stability up to 3500 RPM. 
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Figure  3.72. LSVs of different electrodes in oxygen-saturated 1M NaOH solution at 
room temperature at (A) 1600 and (B) 1600, 1800, 2500, 3000 and 3500 rpm. 
 
 
In order to determine the overall electrons number (n) involved in the ORR process, a 
plot of ( j-1 ) vs ( ω -1/2 ) known as the Koutcky-Levich (K-L) plot obtained from the LSV-
RDE curves is applied at different potentials, where j is the current density, and ω is the 
rotation speed in rpm [253][254][128]. From the slope of the straight lines, we can 
determine the number of electrons from the Koutcky-Levich equation. The equation is 
written as the following [119][255] : 
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1
𝑗
=  1
𝑗𝑘
+  1
𝑗𝑑
=  1
𝑗𝑘
+  1
0.2𝑛𝑛𝑛𝐷2 3⁄ 𝜈−1 6⁄ 𝐶𝜔1 2⁄   Equation 22 
 
 
where: n is the number of electrons, F is the Faraday’s constant (F= 96485 C mol-1)[119], 
A is the electrode area (A=0.2 cm2), D is the Diffusion coefficient of O2 (D= 1.65X10-
5 cm2.s–1 for 1 M NaOH at 25 ᴼC), ν is the kinematic viscosity of the electrolyte (ν= 0.011 
cm2.s–1 for 1 M NaOH), C is the concentration of dissolved oxygen (C= 8.4X10-4 
mol.cm-3 for 1M NaOH), and 0.2 is a constant applied when ω (rotating speed) is in rpm. 
jd is the diffusion-limited current density and jk is the kinetic current density[256][257]. 
Figure 3.73 below show the identical Koutecky-Levich (K-L) plots for the Pt-Ni-Co-
Cu@CNF-5%PTP obtained at a potential of 0.3, 0.4, 0.5 and 0.6 V. Clearly, the straight 
lines displayed in the plot suggest the typical of first order reaction of O2 kinetics 
[134][150]. From the slopes of the (K-L) plot, the number of electrons (n) was calculated 
by using equation (22) above. The calculated number of the electrons was in average of 
n≈ 3.5, with a highest value of n≈ 3.62 at 0.3 V. The calculated number of electrons is 
close to 4, indicating that the Pt-Ni-Co-Cu@CNF-5%PTP is able to catalyze ORR via the 
4e- pathway mechanism with nearly complete reduction of O2 to H2O [150][258][68]. 
Table 3.11 represent the Koutecky–Levich slopes and average number of electron 
calculated.  
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Figure  3.73. K-L plots for different potentials of ORR polarization curves recorded using 
an RDE in O2-staurated 1 M NaOH electrolyte at room temperature. To obtain 
equidistant points, the adopted rpm rates are 1600, 1800, 2500, 3000, and 3500 rpms, 
respectively. 
 
 
Table  3.11. Koutecky–Levich slopes and the calculated average number of electron  
Potential, V K-L slope Number of electrons 
0.6 6.71 3.35 
0.5 6.60 3.40 
0.4 6.51 3.45 
0.3 6.20 3.62 
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3.5.3 The electrochemical impedance spectroscopy analysis (EIS)  
EIS is an effective technique to characterize the electrocatalytic behavior and the 
interface properties of the prepared catalyst and the surface of the electrode[126][106]. 
The EIS analysis was performed at open circuit potential (OCP) within a frequency range 
of 0.1 Hz to 100 kHz with an AC amplitude of 10 mV. The analyses were done for CNF-
3%S and CNF-5%PTP in absence (A) and presence (B) of oxygen.  
Figure 3.74 and Figure 3.75, represent the EIS Nyquist spectra for the CNF-3%S and 
CNF-5%PTP, respectively in (A) absence and (B) presence of oxygen. It can be noticed 
that the semi-circle diameter decrease with the increase of the deposition time in presence 
or absence of oxygen. The semi-circle diameter is related to the “charge transfer 
resistance Rct”[259]. The smaller semi-circles suggesting a faster charge-transfer 
kinetics[260][247]. Cao et al. [120] reported that the ORR process is including charge 
transfer process, mass transfer process, and the reaction on the catalyst. Therefore, 
lowering he Rct means enhanced electron transfer, and thus, enhancing the ORR kinetics 
of the catalyst[261]. Accordingly, from the results, the activity of the (CNF-5%PTP) is 
higher than that of (CNF3%-S). The CNF-5%PTP semi-circles dimeter decrease from the 
range of 2000 Ω.cm2 after 60 seconds deposition time to 850 Ω.cm2 after 2400 seconds in 
presence of oxygen, while CNF-3%S show larger semi-circle diameter in the range of 
4300-5400 Ω.cm2. The decrease of the charge transfer resistance increases the current 
density, and thus the ORR activity which was confirmed previously using the LSVs 
Moreover, the EIS analysis was measured on the Pt-Ni-Co-Cu@CNF-5%PTP as 
represented in Figure 3.77 with different rotation speeds of 1600, 1800, 2500, 3000, and 
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3500 RPM. It can be noticed that the semi-circle dimeter increases with the increase on 
the rotation, and thus, the activity of the catalyst decrease. The resistance at 1600 RPM 
was 3400 Ω.cm2 while at 3500 RPM was 7000 Ω.cm2. 
For more details, the EIS data was fitted using the equivalent circuit in Figure 3.76, and 
the fitted outcomes are shown in Table 3.12 and Table 3.13.  
In the equivalent circuit, Rs, Rct, and Rpo are the solution, the charge transfer, and the 
pore resistances of the deposited layer respectively. Ypo and Yct are the constant phase 
elements of the electrodeposited layer and the double layer (CPE1) and (CPE2), 
respectively. The non-ideal capacitance behavior of a double layer can be attributed to 
many reasons; e.g, surface roughness and a non-uniform (i) surface coverage, (ii) 
corrosion rate or (iii) current distribution. The impedance of the CPE is expressed by 
[48]:  
 
𝑍𝐶𝐶𝐶 =[ 𝑌𝑜−1  (𝑗𝑗)−𝑛]   Equation 23 
 
 
where ZCPE is CPE impedance (Ω cm-2); Y0 is the CPE constant, j = (-1)1/2, which 
apparently is equivalent to the imaginary number; ω is the angular frequency in rad/s; and 
the CPE becomes a variable in calculating the double layer capacitance (Cdl) [48] 
because it can be measured from the equation: 
 
𝐶𝑑𝑑  =  𝑌 𝜔𝑛−1𝑠𝑠𝑛�𝑛(𝜋 2⁄ )�                    Equation 24 
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where ω  is the angular frequency (ω = 2πfmax), fmax is the frequency when the imaginary 
component of the impedance is maximum. The value of n ranges between 0 and 1. When 
n = 1, the CPE becomes equivalent to an ideal capacitor, and when n = 0, the CPE 
becomes a resistor[262].  
From Table 3.12, we can notice that the Rs is independent of the deposition time, while 
the Rpo increase as the deposition time increases due to the decrease of porosity when the 
deposited metals take place on the CNF surface[263], and the capacitance of the 
decreases. Moreover, the Rct values decrease with the increase of the deposition time as 
the surface area of the catalyst increases. For the CNF-5%PTP in presence of oxygen, the 
Rct is reduced from 4290 Ω.cm2 before deposition to 1030 Ω.cm2 after a deposition time 
of 2400 seconds. In addition, the capacitance of the double layer decreases from 295.6 
×10-6 sn Ω−1 to 155.5 ×10-6 sn Ω−1.  
For the Pt-Cu-Ni-Co@CNF-5%PTP from Table 3.13, we can notice that the Rpo and Rct 
values increase with the increase of the rotation speed, while the Ypo and Yct decrease. 
The increase of the Rct  of platinum-containing electrode may be due to structure change 
of the CNF, furthermore, the increase of platinum loading on the CNF leads platinum 
particles to aggregate and increase of the platinum particle size[264]. 
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Figure  3.74. Nyquist spectra in 1 M NaOH solution in A) Nitrogen and B) Oxygen, of 
glassy carbon electrode with sulfur doped carbon fiber (CNF-3%S-CNF) with 
electrodeposited Ni-Co-Cu at different deposited time at 1600RPM. 
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Figure  3.75. Nyquist spectra in 1 M NaOH solution in A) Nitrogen and B) Oxygen, of 
glassy carbon electrode with doped carbon fiber (CNF-5%PTP) with electrodeposited Ni-
Co-Cu at different deposited time at 1600RPM. 
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Figure  3.76. Equivalent circuits used for EIS analysis at OCP. 
 
 
Table  3.12. Dynamic EIS Parameters for CNF-5%PTP and CNF-3%S with 
electrodeposited Ni-Co-Cu at different deposited time at 1600RPM in presence of 
nitrogen and oxygen. 
Compound 
Deposition 
Time, Sec 
Rs, 
Ω 
cm2 
Rpo, 
Ω 
cm2 
Ypo 
×10-6 
sn Ω−1 
cm−2 
n1 
Rct, 
KΩ 
cm2 
Yct 
×10-6 
sn 
Ω−1 
 
n2 
Cdl 
µF 
CNF-5% 
PTP 
0 7.897 30.8 381.8 0.924 10.46 218.7 0.840 256.03 
600 6.380 90.42 314.1 0.599 9.65 202.2 0.845 228.57 
1200 7.299 114.2 260.4 0.950 6.86 156.8 0.860 158.53 
1800 7.814 164.5 236.8 0.694 5.29 103.6 0.887 95.95 
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(N2) 2400 7.938 211.5 149.2 0.841 4.36 64.25 0.891 54.97 
CNF-5% 
PTP 
(O2) 
0 6.77 18.5 606.5 0.937 4.29 295.6 0.852 308.05 
600 8.14 49.27 554.2 0.647 2.61 254.1 0.870 239.49 
1200 6.48 59.32 543.7 0.877 2.11 217.4 0.871 193.70 
1800 4.48 69.72 515.7 0.589 1.38 187.7 0.849 147.61 
2400 5.97 90.42 492.8 0.738 1.03 155.0 0.864 116.11 
CNF-3% 
S 
(N2) 
0 5.69 43.1 257.0 0.672 12.73 119.7 0.891 126.02 
600 6.00 128.2 211.7 0.489 10.59 82.57 0.928 81.71 
1200 4.41 169.8 194.5 0.830 9.76 76.85  0.917 74.87 
1800 8.49 253.0 161.4 0.465 8.86 59.51 0.928 56.62 
2400 6.47 341.6 105.95 0.812 7.65 67.91  0.869 61.52 
CNF-3% 
S 
(O2) 
0 6.54 24.27 425.0 0.972 6.30 252.7 0.821 279.66 
600 4.34 64.8 405.7 0.679 6.05 231.0 0.823 248.24 
1200 5.87 89.0 390.3 0.962 5.72 185.7 0.832 187.97 
1800 7.18 112.2 377.0 0.557 5.29 141.9 0.852 135.00 
2400 6.25 145.8 331.4 0.839 4.87 124.6 0.856 114.55 
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Figure  3.77. Nyquist spectra for glassy carbon in 1 M NaOH solution of sulfur doped 
carbon fiber (PAN+5%PTP-CNF) with electrodeposited Pt-Ni-Co-Cu at different rotation 
speed. 
 
 
Table  3.13. Dynamic EIS Parameters for CNF-5%PTP with electrodeposited Pt-Ni-Co-
Cu at different rotation speed in presence of oxygen. 
Compound 
Rotation 
Speed, 
RPM 
Rs, 
Ω 
cm2 
Rpo, 
Ω 
cm2 
Ypo 
×10-6 
sn 
 
 
n1 
Rct, 
KΩ 
cm2 
Yct 
×10-6 
sn Ω−1 
 
n2 
Cdl 
µF 
Pt,CNF-5% 
PTP 
(O2) 
1600 7.27 689.3 2038 0.702 3.17 108.2 0.917 96.197 
1800 7.74 827.4 1863 0.749 8.76 96.1 0.815 92.44 
2500 6.98 1140 1531 0.842 12.82 87.3 0.862 88.88 
3000 7.32 1334 1267 0.886 16.33 72.5 0.956 73.02 
3500 7.31 1662 1022 0.884 20.12 62.8 0.772 67.29 
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4 Chapter 4: Conclusion and future work 
 
 In this work, we developed a novel low cost non-precious efficient catalyst based 
on nanostructure materials that are supported on modified carbon fibers to be used as 
electrodes for oxygen reduction at cathode side within PEMFCs. Electrospinning 
technique was used to prepare the sulfur-doped carbon nanofibers with few nanometer 
diameter as an effective and cheap method to prepare effective catalyst based 
nanocomposite material for use in fuel cell application.  
The process was based on polyacrylonitrile (PAN) as the polymer material which doped 
with sulfur using two different sulfur sources. Pure sulfur and polythiophene were used as 
sulfur sources with various concentrations of sulfur to produce the nanofiber. Following 
this stage the fabricated nanofibers were thermally treated via two steps. The first step is 
stabilization in air and the second step is carbonization on the nanofibers to transfer the 
nanofibers to carbon nanofibers (CNFs). The produced materials were characterized by 
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and FTIR. In addition 
electrochemical characterization was carried out on the catalyst responsible for the ORR. 
Electrochemical deposition technique was used to load the different metals on the 
CNF/GCE surface.  
The SEM and EDX results showed that the produced sulfur-doped CNF has continuous 
and beads free fibers with an average diameter of 500 nm and 1 wt. % sulfur doping. The 
mapping results observed a random distribution of sulfur atoms within the fibers. The 
chemical properties and structural of the resulting sulfur-doped CNFs demonstrated that 
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the sulfur doped as thiophene-like (-C-S-C-) form into the CNF networks. 
The deposition for the metals on the sulfur-doped CNF surface was successfully achieved 
via the electrochemical deposition method. The electrochemical results exhibited better 
durability and excellent electrocatalytic activity towards ORR through a direct 4-electron 
reaction pathway mechanism. The coupling between Ni, Co, Cu and the sulfur-doped 
CNFs enhanced the kinetics of the ORR through the direct 4-electron reaction pathway 
mechanism. In terms of onset potential and half-wave potential, the addition of metals to 
the sulfur doped CNF shifted them in the more noble direction. The Pt free Ni-Co-
Cu@CNF-5%PTP catalyst had onset potential of 0.78 V and half-wave potential of 0.67 
V vs RHE, which is still good compared to the cost of the materials. The addition of Pt 
with a ratio of 1:1 with the metals in the Pt-Ni-Co-Cu@CNF-5%PTP electrocatalyzed the 
ORR performance as was proved by the positive shift in the onset potential to 0.91 V and 
the half-wave potential to 0.84 V vs RHE. The high electrocatalytic ORR performance of 
this electrode could be attributed to: 
I. The high graphiticity degree of the prepared sulfur-doped CNFs structure. 
II. The high surface area and the high conductivity of the CNFs. 
III. Doping with sulfur creates more active sites to the CNFs and high spin density 
from the unpaired electrons.  
IV. The metals deposition on the sulfur-doped CNFs electrocatalyzed the oxygen 
reduction at their interface. 
Considering the low-cost and efficiency, the produced sulfur-doped CNF which have 
unique structure and excellent thermal and electrical properties held great promise as 
electrocatalyst for ORR in PEM fuel cells. 
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In future work, we could change the electrospinning conditions to improve the 
surface morphology and structure of the eletrospun PAN nanofibers. Moreover, we could 
increase the carbonization temperature to enhance the stability of the produced carbon 
nanofibers. Also, it would be great interest to involve other transition metals such as Fe 
and Ru and study the effect of using such metals with the S-doped carbon nanofibers 
towards ORR. It would be interesting to use the microwave irradiation-assisted method to 
synthesis of metals and deposition on the support materials. Furthermore, it is important 
to test the ORR activity and stability of the fabricated catalysts in both alkaline and acidic 
media as well. Finally, if possible, we will try test the ORR performance of the fabricated 
catalyst by using real PEM fuel cell. 
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